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ABSTRACT 

The contents of this dissertation fall into two broad areas: geology and history of 

geology. Although apparently unrelated, the two categories in fact parallel one another. The 

development of geological systems finds a mirror, on a shorter timescale, in the development of 

the human understanding of geological systems. The present state of a science – like the present 

state of an earth system – represents the concatenation of many subtle or evident processes and 

influences operating over time. Moreover, the events of the past condition the state of the present 

in science as well as in objects of scientific study. Thus, for instance, to understand why we now 

hold certain interpretations about the formation of sediment-hosted copper deposits, we must 

study not only the deposits themselves but the historical development and the philosophical 

concerns that guided and shaped modern thought about them.  

In this dissertation the geological and historical aspects are presented in sequence rather 

than juxtaposed. The geological section comes first, with three chapters detailing the formation 

and development of the Tenke-Fungurume Cu-Co district and the Central African Copperbelt, 

followed by another taking a broad view of the mineralogical, geochemical, and metallurgical 

implications of some of the geological features there. Then follows the history of geology: first 

two chapters on the role of Georgius Agricola in founding modern geology, and one on how it 

developed through the following centuries in tune with simultaneous developments in other 

sciences.  
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CHAPTER 1: GEOLOGICAL INTRODUCTION 

The geological section of this dissertation deals with a sediment-hosted base metal 

system. Such systems are among the world’s most important producers of copper, cobalt, lead, 

and zinc. The particular example studied here, the Tenke-Fungurume district (TFM), is a copper-

cobalt deposit. Only five years after the first metal came out of its tankhouse in 2008, TFM is 

already the world’s largest annual cobalt producer and, besides, contributes significantly to 

global copper production (Schuh et al., 2012).  

Their economic importance adds to scientific interest in motivating research on sediment-

hosted deposits. Some sediment-hosted base metal deposits, such as Mississippi Valley-type and 

Kupferschiefer resources, have been mined and studied for centuries. Others, such as the Central 

African Copperbelt that hosts TFM, have hardly been studied at all and as a consequence remain 

poorly understood. This not only detracts from the understanding of those particular deposits, but 

also causes a bias in the understanding of sediment-hosted deposits in general, which lack the 

benefit that would come from additional data.  One aim of this dissertation is simply to remedy 

that deficiency: in the first place, by studying TFM and discovering how it formed; and in the 

second place by examining the formation of TFM in the light of what is known about the 

formation of sediment-hosted deposits in general. In that way both the specific understanding of 

the deposit, and the general understanding of sediment-hosted deposits, may be fleshed out.  

The crucial question here, as about any ore deposit, is how it formed: why and where 

what processes operated at what time to generate it. In sediment-hosted deposits, the basic 

outlines of the answer are known: sediment-hosted base metal deposits of the TFM type form 

when a metal-bearing fluid percolates through a sequence of sedimentary rock and encounters a 
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horizon whose chemical contents cause the solubility of metals in solution to decrease. The 

metals then precipitate, and the deposit is emplaced. But that is a general picture only, and an 

incomplete one at that. Where did the metals come from? What sort of fluid were they carried in? 

What caused them to precipitate where they did? Where else did the fluid reach, and what effects 

did it have other than precipitating ore? Answering these questions requires minute and detailed 

geological study, based on observation and relying on careful interpretation.   

The beginning of this chain is Appendix A, which presents the mineralogical and 

geological observations on which all genetic interpretations of ore deposits must rest. The 

research presented in Appendix A undertook to determine what mineral-forming events occurred 

at TFM where and at what times, based on detailed mineralogical, textural, and geological 

observations made during three field seasons’ mapping and core logging on site and on 

petrographic and cathodoluminescence studies of nearly 200 thin sections and polished mounts. 

Careful study of which minerals overgrow, crosscut, or replace which other minerals enables the 

petrographer to categorize the minerals and place them in temporal order; marking where each 

mineral occurs enables the geologist to delineate the spatial extent of its occurrence. At TFM, 

this yielded a temporal and spatial “map” of events showing that the earliest post-depositional 

minerals to form were framboidal pyrite, evaporites, chalcedony, and an early carbonate. These 

were overgrown and replaced by minerals of the main ore stage, which occurred in two 

substages; most of the ore pertains to the later substage, and is absent from some areas of TFM, 

along with the other second-substage minerals. Quartz formed later, in barren and mineralized 

parts of the district alike; so, too, a late Neoproterozoic to early Cambrian orogeny remobilized 

ore-stage minerals all over TFM. The same orogeny rafted the ore-bearing strata northward, 
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bending them and breaking them into what is now the Central African Copperbelt (Jackson et al., 

2003), where Cenozoic exposure began the long process of supergene oxidation that continues at 

the surface today.  

The observations and the interpreted paragenetic sequence in Appendix A provide the 

context for more than 300 electron probe microanalyses of mineral compositions presented in 

Appendix B, showing the composition of the minerals produced in each alteration episode and 

how the they change over space and in minerals from different times in the paragenesis. These 

observations combine with the calculated thermodynamic relationships among minerals to 

pinpoint, or at least to constrain, the geochemical conditions of formation of each mineral suite. 

This is the key to answering the deeper geological questions – what processes were responsible 

for the alteration and mineralization at TFM, and why those processes occurred. The end of 

Appendix B focuses on just such an analysis of causes and processes, showing that the observed 

mineralogical and geochemical patterns can best be explained by ore precipitation at a sulfide 

trap, from an oxidizing and slightly acid brine. Explaining why the brine was flowing through 

those rocks at that time is a more difficult and less certain undertaking, but Appendix B presents 

some of the possible answers and discusses some that have been proposed but are geologically or 

geochemically nonviable.  

Appendices A and B treat TFM as a thing unto itself, addressing the first aspect of the 

scientific deficiency discussed earlier – the lack of understanding of an economically important 

resource. Appendix C deals with the converse side of the deficiency, addressing the 

understanding of sediment-hosted ore deposits from the perspective of the new work on TFM. In 

particular, Appendix C seeks to shed light on the Central African Copperbelt, the poorly-studied 
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region that hosts TFM and many other such sediment-hosted resources, and to point the way to 

reconcile the many contradictory interpretations of Copperbelt features. However, Appendix C 

also discusses how other sediment-hosted systems in the world compare to TFM and the 

Copperbelt: what processes and features were common to all, and how they differed. The 

intention of this appendix is to point out what interpretations common in scientific research on 

the Copperbelt are most at odds with one another, to adjust the new understanding of TFM and 

the old understanding of sediment-hosted ore deposit formation to one another, and to show the 

place of TFM in the class of sediment-hosted ore deposits.  

Appendix D, nicknamed “The Unintended,” resulted from the discovery of a previously 

unknown mineral composition during petrographic examination of TFM samples. The 

discovered phase, (Mg,Co)CO3, is not a new mineral species but a solid solution of magnesite 

(MgCO3) and spherocobaltite (CoCO3). The phase is calcite-structured and apparently a 

complete solid solution. No such composition has been reported before, and its discovery 

stimulated further empirical and theoretical investigations. Empirically, a reexamination of old 

samples demonstrated that many of them had been misidentified and that the magnesite-

spherocobaltite solid solution is in fact very common in the supergene assemblage at TFM; it 

may make up a significant part of the cobalt assay in near-surface areas. Theoretically, the 

discovery provoked research into the crystal chemical factors that govern the incorporation of 

cobalt into the rhombohedral carbonate structure, and into the mineralogical, geochemical, and 

metallurgical consequences. This topic bears upon the economic exploitation of cobalt carbonate 

ores, as well as on the scientific understanding of the processes of cobalt carbonate precipitation, 

which Appendix D discusses.  
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CHAPTER 2: HISTORICAL INTRODUCTION 

After Appendix D begins the sequence of manuscripts on the history of geology. This 

grew out of my interest in economic geology and out of my study of the literature. Most 

authorities hold that the literature in economic geology began in 1556 with the publication of De 

Re Metallica (On Metal [Things]), Georgius Agricola’s classic text on mining, so that was where 

I began my literature review. I quickly realized that much of the specific geological content in 

De Re Metallica was in fact based on Agricola’s earlier book, De Ortu et Causis Subterraneorum 

(On the Sources and Causes of Underground [Things]). I therefore proceeded to read De Ortu et 

Causis Subterraneorum.  

De Ortu et Causis Subterraneorum (hereafter De Ortu et Causis) was published in 1546, 

ten years before De Re Metallica, and represents Agricola’s thought at a much earlier stage in its 

growth, when he was still closely tied to the classical Greco-Roman and Scholastic traditions of 

thought about the Earth. Therefore, Appendix E covers De Ortu et Causis, and Appendix F De 

Re Metallica. Appendix E begins with a summary of De Ortu et Causis and an analysis of its 

role in founding not only Agricola’s later thought, but also in contributing to the development of 

hydrology as a science. In De Ortu et Causis, Agricola used the Greek and Roman ideas about 

the earth, especially those of Seneca, but he departed from them in several important respects. 

Most crucially, Agricola originated what became the modern concept of the mechanisms of 

groundwater transport, storage, and interaction with rocks. Appendix E is, inter alia, the first 

summary of De Ortu et Causis in English; the work has never been translated out of Latin. For 
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that reason its important contributions to hydrology are largely unknown, and its contributions to 

economic geology are familiar only from the quotations in De Re Metallica.  

Appendix F continues the discussion of Agricola’s thought as he developed it more fully 

in De Re Metallica, where he moved away from Greek and Roman sources to modern books on 

mining and – most critically – to his own observations and to those of the experienced miners in 

the Saxon mining town where he worked. Apart from its geological contributions, which include 

the first known stratigraphic column and the first documentation of crosscutting vein 

relationships, De Re Metallica set a new standard in geology and in science as a whole by 

introducing and making respectable two new sources of knowledge: personal observation, and 

the accumulated expertise of miners. Previously, personal observation had taken second place to 

Greco-Roman authority in the scholarly literature, and miners’ experience had been absent from 

it since Theophrastus. Agricola relied on both and downplayed the role of classical authorities. In 

consequence, as Appendix F discusses, De Re Metallica became a founding text of economic 

geology and a seminal contribution to the development of modern observational science.  

The further development of observational science continued through the centuries after 

Agricola, not always smoothly. Appendix G discusses one of the many dead ends along its 

evolutionary tree: the Theories of the Earth. These were a genre common between 1640 and 

1750 A.D. and notorious for their ambitious scope: Ellenberger (1988) defined a Theory of the 

Earth as a “complete and coherent model of the formation and structure of the entire world,” 

from its formation up to the present, sometimes into the future. This was in direct contrast to the 

contemporary trends in chemistry, where the watchword was limitation: scientific hypotheses 

were to be no more than explanations for the immediate observations, and scientific reports were 
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to be short essays on individual experiments. The Theories of the Earth violated both criteria. 

Nevertheless, most of the authors of Theories of the Earth were among the chief promulgators of 

the experimental method in chemistry, and all of them claimed that their Theories of the Earth 

followed its scientific program. In fact, I argue in Appendix G, the Theories of the Earth 

represent attempts to apply the experimental method to the study of the Earth. Their drastic 

overreach in scope, and their promiscuous mélange of methods and subjects, was a result of the 

inability of the experimental method to elucidate geological issues. The problems of geology 

involve processes on spatial and temporal scales not tractable in the laboratory, and the 

experimental method failed to deal with them. But it had proven so successful at advancing 

chemistry that its champions, reluctant to abandon it in geology, instead chose to supplement it 

with knowledge of earth’s past that they gleaned from the Bible, mythology, chemistry, physics, 

and other sources. The results were the Theories of the Earth.  
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ABSTRACT 

The Tenke-Fungurume Cu-Co district (TFM), D.R. Congo, is one of many Central 

African Copperbelt deposits created by a complex and poorly-understood sequence of alteration 

and mineralization events. This study characterizes the events in that sequence by examining the 

compositions, textural relationships, and occurrence patterns of the minerals that each event 

created, and from these infers the nature, flow path, and scale of the fluids that created them.  

TFM consists of numerous rafts of lightly metamorphosed basinal strata, displaced 

northward by the Lufilian Orogeny. Framboidal pyrite, anhydrite, apatite, chalcedony, and traces 

of a now-replaced carbonate occur throughout the district. Throughout the district they are 

overgrown and replaced by a blue dolomite and by variably cobaltoan pyrite. In mineralized 

rafts, this pyrite, dolomite, and the earlier minerals are all replaced or overgrown by a white 

dolomite and by Cu-Co and Cu-Fe sulfides. Their compositions do not vary laterally over the 25 

km of TFM, but the sulfides show a rough stratigraphic zoning pattern symmetrical about the 

algal dolomite situated between the two main ore-hosting strata. This is similar to the 

stratigraphic pattern in composition of the blue and white dolomites, which have elevated trace 

element contents in the ore-hosting units and are depleted in them in the algal dolomite unit 

between. The ores and the white dolomite particular dolomite form inclusions in quartz crystals, 

which are found throughout the district as a minor component in some places, making up more 

than half the rock in others. The quartz is overgrown by a second type of white dolomite, which 

replaces or crosscuts the blue and white dolomites and is accompanied in mineralized rafts by 

carrollite, chalcopyrite, and bornite. This white dolomite and the sulfides form veins; the 

dolomite veins occur everywhere but contain sulfides only within < 10 m of disseminated 
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sulfides; pyrite is notably absent from the veins even where it is present in the nearby 

groundmass. The compositions of the minerals from this stage are almost as invariant over 

distance as the first, but unlike the first they show no systematic compositional variation or 

mineralogical zoning. All of the foregoing minerals are overprinted by oxide and carbonate metal 

ores and a dolomite, with no systematic mineralogical or geochemical trends over distance but a 

variation of up to 7 wt% Fe over < 60 microns’ distance within a single crystal.  

The constancy of the early alteration minerals’ compositions over distance indicates that 

they precipitated out of a large-scale fluid system whose composition did not change appreciably 

over the time of crystallization or over distance. For the main ore stage, the pattern of sulfide 

occurrence and zoning, and of dolomite compositions, indicates that the fluid passed through the 

central algal dolomite stratum. Its early manifestation reached throughout the district, 

precipitating the blue dolomite and the cobaltoan pyrite; later its flow was restricted to what are 

now the mineralized rafts. Another district-spanning fluid system operated during the next 

episode, forming first quartz and then dolomite and sulfides. These last were probably 

remobilized from the wall rock; other work in the Copperbelt has dated them to the Lufilian 

(Pan-African) orogeny, which broke and rafted the mineralized strata northward into today’s 

Copperbelt.  

Long after the tectonic emplacement there, the rocks were exposed to meteoric waters, 

which reworked ore sulfides into ore oxides and carbonates, dissolved dolomite, and 

reprecipitated it as a supergene dolomite. The strong compositional variation over short distances 

characteristic of this third dolomite corresponds to a local flow system and contrasts with the 

large systems responsible for the earlier main ore-stage mineralization and orogenic 
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remobilization episodes. The flow systems that created and reworked the Copperbelt ores may 

approach the size of those inferred for the American Missisippi Valley-Type Pb-Zn deposits, but 

work outside the TFM district is needed to evaluate this hypothesis.  

 

INTRODUCTION 

The Central African Copperbelt: setting then and now 

The Central African Copperbelt (Fig. 1) is a northeast-convex crescent extending from 

northern Zambia into Katanga, the southeasternmost province of the Democratic Republic of 

Congo (hereafter Congo). Sediment-hosted deposits scattered over the >400-km length of the 

Copperbelt supply 5-10% of the world’s Cu and 60% of its Co each year, along with U, REEs, 

Pb, Zn, and Au. Production goes back several centuries: the native Congolese panned Au and 

mined and smelted lead, iron, and copper well before the advent of European colonists and 

techniques (Ball and Shaler, 1914; Bisson, 2000; Broughton et al., 2002). One of the newest 

mines in the Copperbelt is in the Tenke-Fungurume district (TFM) in the Congo (Schuh et al., 

2012).  

The Copperbelt of today began as sediments deposited in an intracratonic rift basin, 

probably about 400 km long (Kampunzu and Cailteux, 1999; Porada and Berhorst, 2000). The 1-

3 km of sediment that filled it, now called the Roan Supergroup, were deposited in cycles of 

carbonates and clastics whose thickness and facies varied with time and location over the basin 

(Lefebvre, 1989a; Hitzman et al., 2005). Detrital zircon U-Pb and mica Rb-Sr dating suggests 

that most of the clastic material weathered off the Paleoproterozoic Lufubu Metamorphic 

Complex to the southwest and the Bangweulu block to the northeast (Master et al., 2005). A 
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minority of it came from the Nchanga Granite, whose 883 +/- 10 Ma age (Armstrong et al., 

2005) therefore places an upper limit on the beginning of Roan deposition; a lower limit comes 

from the sills emplaced in the Upper Roan at ~750 Ma (Master et al., 2005; Armstrong et al., 

2005). After this, faulting and extension enlarged the basin or formed a new one over it (Unrug, 

1988; Porada and Berhorst, 2000). This received the Nguba (Lower Kundelungu) and 

Kundelungu (Upper Kundelungu) Supergroups before rifting failed at ~573 Ma, after which 

sedimentation ceased and the area became the foreland basin of the Lufilian Orogeny 

(Kampunzu and Cailteux, 1999; Master et al., 2005).   

Basin architecture determines where and how fluids can flow through it, so basin 

architecture controls the distribution of minerals that precipitate from them. Unfortunately, it is 

not known whether the Central African Copperbelt deposits are mineralized fragments of a 

single, hydraulically connected basin or whether they represent pieces of intra-basinal 

depocenters isolated from one another. In the former case, alteration mineralogy and paragenesis 

should be consistent over the scale of the Roan basin; in the latter case, deposits representing 

multiple depocenters might have broad similarities in mineralogy but differ completely in details. 

Both possibilities have been suggested for the Copperbelt. Clemmey (1976) and Binda (1994) 

thought it was a single large, hydraulically connected basin whose accommodation space was 

generated by passive subsidence, with lithological and stratigraphic variations caused by sea 

level rise and fall and local basement topography. Their model included little tectonic influence; 

a contrasting proposal from Annels (1984) and Unrug (1988) argued that the rift basin was 

tectonically broken up into many small sub-basin-scale depocenters separated by fault segments 

and hydraulically disconnected. These contrasting models have been merged by Croaker (2011) 
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into a mosaic of localized depocenters that evolved into a unified basinal system as rift formation 

proceeded and subsidence increased, whether by tectonic or eustatic means.  

The situation and environment of the Roan basin are better known than its architecture. 

Water level must have been shallow at many places and times during early deposition, for 

stromatolites feature in Roan strata throughout both Zambia and the Congo (e.g., Garlick, 1989).  

Paleogeographic reconstructions and evaporite pseudomorphs demonstrate that the basin’s 

latitude was low, its environment arid, its marine access restricted, and its waters susceptible to 

evaporative concentration (Kirkham, 1989; Warren, 2010). Anhydrite pseudomorphs are 

common in the Congo, and anhydrite and marialitic scapolite in Zambia (Bartholomé, 1974; 

Muchez et al., 2008, 2010; Croaker, 2011), so anhydrite and halite must have precipitated. The 

need to balance cross sections, facilitate thin-skinned thrusting (e.g., Jackson et al., 2003), supply 

ligands for metals (Lindgren, 1911; Hitzman et al., 2005), and explain the volume of Mg 

minerals in the ore-hosting strata (Cluzel, 1986) has led to the hypothesis that vast evaporite beds 

were once presence throughout the stratigraphy.  

Metallogenesis and alteration occurred after deposition, but their timing is controversial, 

with opinions ranging from early in diagenesis to the middle of the Lufilian (Pan-African) 

orogeny. The orogeny began when the Roan basin and its contents were caught between the 

converging Congo and Kalahari cratons, and the Katangan strata were thrust northward into their 

present position and shape (Kampunzu et al., 2000; Porada and Berhorst, 2000). The timing of 

the Lufilian has never been settled: some authors (e.g., Porada and Berhorst, 2000; John et al., 

2004; Master et al., 2005; Rainaud et al., 2005) encompass it within the 600-500 Ma window 

determined by zircon Ar-Ar and U-Pb, but others (e.g., Kampunzu et al., 2000; Torrealday et al., 
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2000) include radiometric dates as old as 750-800 Ma within the Lufilian deformation. Thus it is 

quite possible for one author who assigns metallogenesis to the early diagenetic period, and one 

who claims it happened during basin inversion, to be talking about the same absolute time 

interval; their opinions about the timing of Lufilian deformation may be 200 million years apart.  

The evaporite layers deposited in the Roan and overlying strata may have facilitated 

thrusting, which broke the rocks into “écailles” or rafts and pushed them northward (Jackson et 

al., 2003). The resulting fabric is complicated, though not chaotic, on multiple scales: small folds 

and faults disrupt larger, regional folds organized roughly parallel to the strike of the arc 

(Kampunzu and Cailteux, 1999). This creates a lineated fabric with a general east-west grain; 

along the folding lineaments, the lower Roan strata are exposed (Dewaele et al., 2006) and 

mined.  

 

THE TENKE-FUNGURUME DISTRICT: GEOLOGICAL BACKGROUND 

Stratigraphy and sedimentology 

The Tenke-Fungurume district (TFM) contains world-class Cu and Co resources (Schuh 

et al., 2012). The ores lie in the Mines Series, the lowermost part of the Neoproterozoic Roan 

Supergroup. The full, undeformed Mines Series section measures 300-400 m of alternating 

carbonates and clastics. In Zambia, clastics dominate the lateral correlatives of the Mines Series; 

in the Congo, the carbonates make up most of the section, and their predominance increases up 

the section (Cailteux et al., 1994; Selley et al., 2005). The stratigraphic and sedimentological 

table for TFM, along with notes on the alteration and mineralization, is presented in Figure 2. 

Following regional custom, references to stratigraphic units in the text use the acronyms for their 
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French names (Fig. 2). Thickness, facies, and alteration probably vary over distance, but at the 

scale of the TFM district little variation is evident. Figure 3 shows some photographs of rocks 

from the Mines Series.  

 

Structure at TFM 

Figure 4 shows a partial geologic map of TFM. Écailles of the Mines Series strata are 

arranged into the roughly east-west-trending Dipeta syncline, with its limbs broken by roughly 

north-south-trending faults (Fig.5). At the eastern nose of the syncline are the Fungurume 

deposits, which have no particular orientation and which typically display several orders of 

folding. Vein orientations with respect to north and south could not be measured in the field due 

to poor exposure. Core logging showed that with respect to the strata, the veins are either exactly 

parallel to lamination or else cut it at an angle between 40-70˚.  

  

Ore mineralogy 

Near the surface, Cu and Co occur as oxides and carbonates, and at depth, as sulfides. 

Between is a metallurgical no-man’s-land with oxides, carbonates, sulfides, and native Cu. The 

sulfide occurrences include are framboidal and euhedral pyrite, some of which is cobaltoan; 

coarse idiomorphic or hypidiomorphic carrollite, and bornite intergrown with digenite or 

chalcopyrite. The dominant oxidized ore mineral is malachite, but chrysocolla, cobaltoan 

dolomite, and heterogenite (CoOOH) are common. Pseudomalachite, kolwezite, plancheite 

(katangite), brochantite, and libethenite are rare, and cornetite is rarer still. Chalcocite is 

abundant, but hypogene and supergene chalcocite cannot be reliably distinguished except by 
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mineral associations, which are not always available to help (e.g. Bateman, 1930; Oosterbosch, 

1951; Barker, 1951). The depth of the oxidation blanket varies even within the length of a single 

écaille, but in general no sulfides other than chalcocite are present within 50 m of the surface and 

no oxides are present below 500 m (Fay and Barton, 2012). Both may occur in the mixed zone 

between hypogene and supergene, along with cuprite and native copper.  

 

Purpose of this study 

Exploration in the Congolese deposits goes back to the end of the 19th century (Cornet, 

1897). Nevertheless, published studies are relatively few and most of them are limited in scope 

to one or two deposits, making it difficult to trace district- or regional-scale geological trends that 

might yield insights into the formation of the Copperbelt as a whole.  

This study, covering the Tenke-Fungurume district (TFM), set out to examine district-

scale trends in geology, mineralogy, and geochemistry, in order to understand the nature and 

scale of each of the alteration and mineralization processes whose cumulative effects created the 

ore deposits there. As a prerequisite, it was necessary to distinguish among the different 

alteration minerals, to identify the timing of each mineral, and to map the spatial and 

stratigraphic distribution of each mineral, before making inferences about the character of the 

alteration episode that it represents. This article will characterize the minerals and their relative 

textures, interpret the paragenetic sequence from them, and examine changes over the TFM 

district in the mineralogy and in the minerals’ textural relationships and compositions. It will be 

shown that alteration up to and including the ore stage and ore remobilization involved fluid 

systems that covered at least the area of the TFM district and may have been comparable to the 
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systems that are thought to have created the the Midcontinent MVTs (Missississppi Valley-Type 

deposits), in contrast to highly localized flow during the supergene environment.  

 

RESULTS  

Distribution and identification of mineralized areas at TFM 

About a third of the Mines Series écailles on the Dipeta syncline contain economic 

mineralization, and the rest are poorly mineralized or utterly barren. Boundaries dividing 

mineralized from barren areas are sharp where they follow the faults between écailles but are 

gradational where they pass through an écaille. The mineralization does not correspond to any 

structures observed, except for some oxide-carbonate enrichment along faults (as is also 

observed at Kamoto and Musonoi; Dewaele et al., 2006).  

Mineralization does correspond to outcropping green rocks and mine pits, but there are 

also two surface features that can guide exploration (Fig. 6). The first is botanical. Soils with a 

high Cu and Co content poison most of the local plants, leaving only metal-tolerant flora such as 

the Xerophyta shrub, two fruit tree known in Swahili as mpundu and masoko, blue fleurs du 

cobalt, and the rarer fern Cheilanthes perlanata. The Xerophyta and Cheilanthes plants also 

occur at Shinkolobwe, where they indicate high Cu, Co, and Ni in soil (Malaisse et al., 1994). 

The grassy coat normal to southeastern Congo is absent or sparse. These “dambos” or copper 

clearings have guided exploration in TFM and other areas for years (e.g., Steven and Armstrong, 

2003). The second surface exploration vector is the ridge-forming RSC stratum, which weathers 

differently over mineralized and barren areas. Over mineralization, it forms high spires with 

large (5-20 cm in diameter) cavities abundant. Over barren areas, the RSC weathers into blocks 
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of silica with only small (typically < 5 cm) and mostly rhombic cavities. This characteristic was 

independently noted before this study by TFM exploration geologists (Pascal Mambwe, pers. 

comm., 2012) and is probably also known to the artisanal miners whose “exploration pits” follow 

the skeletal or spire-forming type of RSC. The distribution of the two weathering styles is 

marked for selected écailles on Figure 4. The dichotomy between them results from a hypogene 

alteration feature discussed below.  

 

Characteristics of the RSC and correlation with mineralization 

Because of its evident connection with mineralization, the constitution of the RSC 

deserves detailed examination. Sparse crosscutting veins excepted, its principal components are a 

millimeter-scale laminated phase, consisting of dolomite variably replaced by quartz, interpreted 

as algal; a blue and white coarse dolomite; chalcedony; and a mixed quartz-dolomite which 

surrounds the other phases like matrix in a breccia (Fig. 7). None of these phases shows any 

stratigraphic or spatial pattern in occurrence, abundance, or appearance – except that the white 

part of the blue and white coarse dolomite is abundant in mineralized écailles and nearly absent 

from the barren ones.  

The algal phase occurs in pieces up to 15 cm across, displaying stromatolitic laminations 

except where they have been recrystallized to mosaic dolomite. Where not recrystallized, the 

algal phase consists of coarse dolomite crystals variably replaced by quartz. The pieces of the 

algal phase may be rip-up clasts: the stromatolitic laminations have no consistent orientation, and 

the edges of the pieces are rounded with some embayed edges. Most of them are mixed silica and 

dolomite, but some are entirely silica and others are entirely dolomite. Color is as variable as 
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composition: although normally gray, specimens near the surface can include iron oxides that 

make them red, purple, or brown, and cobaltoan dolomite that makes them pink.  

It is the algal phase whose surficial dissolution leaves behind the large cavities 

characteristic of the “skeletal” RSC outcrops over mineralized areas. However, it is more 

abundant in barren areas, where it averages 57% by volume of the RSC, than in rich deposits, 

where it consists of about 44% of the RSC. Neither degree of silicification, nor mineralization, 

nor stratigraphic position, appears to correlate with the abundance of the algal phase.  

Coarse (< 3 cm) rhombic crystals of blue and white dolomite overgrow the algal phase. 

The blue variety is always at the center, white at the rim if it is present; either may occur without 

the other. Petrographic examination shows that the blue color corresponds to myriad inclusions 

that are too small to analyze even with electron microprobe or with characteristic X-ray 

mapping, but that are commonly arranged in rhombic shapes. The absence of any detectable 

compositional difference between blue and white dolomites, and analogy with colored 

chalcedony, suggest that the inclusions may be minute solid or fluid inclusions. Chalcocite and 

carrollite may occur with the dolomites.  

Dissolution of the blue and white dolomite leaves euhedral, rhomb-shaped cavities in the 

RSC. Unless the algal phase has dissolved, these are the only cavities in the RSC, which 

consequently weathers into the the “blocky” type. The blue and white dolomites together make 

up about 15 volume % of the RSC in mineralized écailles, about 7.5% each. In barren écailles, 

the average is 11 volume % and nearly all of it is blue.  

 Chalcedony is a minor constituent of the RSC by volume, as it forms < 1 volume% of 

the rock. Two kinds of chalcedony contribute to that amount: one is crosscut by dolomite and 
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quartz, and the other overgrows them. Both are colloform-crustiform and indicate precipitation 

into an open space (Dong et al., 1995). One is light brown in plane light and has a pink glow in 

cathodoluminescence, the other is dark brown in plane light and luminesces purple. The light 

brown type is partly to completely replaced by the first dolomite and by quartz following the first 

dolomite. Its texture corresponds to what Miehe et al. (1984) described as a wall-lining form, and 

the space it lines is filled by interlocking quartz crystals whose size decreases with proximity to 

the chalcedonic lining. Although rarer today, this type appears to have been abundant before the 

ore-stage dolomite replaced it; the second variety, by contrast, is only found overgrowing the 

quartz in a few samples.  

The last major RSC phase is the “matrix,” perhaps a misnomer for the finer-grained 

mixture that surrounds the algal phase and the coarse dolomites like the matrix of a breccia. It 

may consist either of clays plus detrital quartz, or of a network of authigenic quartz filled in with 

dolomite or cryptocrystalline silica. Clay-dominated parts of the matrix are tinted dark by iron 

oxides, probably hematite, and may form a fabric wrapped around large pieces of the algal phase 

and around the blue and white dolomites. The network quartz displays undulose extinction in 

cross-polarized light and surrounds dolomite or clay fillings. The color of the matrix is variable. 

White and gray are the most common hues at depth, but in shallow core abundant iron oxide 

stains the matrix brown, red, or orange. Matrix color does not correlate with degree of 

mineralization.  
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Characteristics, textures, and distributions of alteration minerals 

The Mines Series rocks contain multiple mineral suites that include, crosscut, replace, or 

overgrow others, evidence for repeated post-depositional invasions of altering fluids. Figure 8 

shows some of the minerals now present in the Mines Series and a diagram of their typical 

textural relationships. The most noticeable alteration minerals are the various types of silica and 

dolomite, but clays also formed.  

Of the silica polymorphs, chalcedony has been discussed above. Chert also occurs within 

nodules in the DStrat, RSF, and SDB, but the most abundant form of silica is quartz. Thin 

veinlets of it are nearly ubiquitous throughout the Mines Series, as are thin folded veins. 

Chalcopyrite and/or pyrite may occur with the latter and surrounding the chert nodules. Mostly, 

however, quartz replaces one of the types of dolomite found in the Mines Series.  

Dolomite is most abundant, most widespread, and most complicated of all the alteration 

minerals. There are three types extant at TFM, and perhaps evidence for a relict fourth – the 

inclusions in the blue dolomites in the RSC. All other traces of this potential early carbonate 

have been eradicated by later, overprinting generations, so it is not possible to assess what 

characteristics, abundance, or distribution it had earlier. The only certain way to tell the other 

three apart is with cathodoluminescence (CL) (Fig. 9).  

The first extant dolomite is creatively called “type 1” or the main ore-stage dolomite. It 

forms the original blue and white dolomite in the RSC, although replacing dolomite 2 can mimic 

its color and habit. Outside the RSC, the blue form of dolomite 1 is found throughout the Mines 

Series with multiple occurrence styles – rhombs, nodules, laminations, fine-grained 

disseminations, and coarse veins. The white form occurs only in mineralized écailles. The blue 
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and white forms of dolomite 1 are distinguishable only in hand sample: all dolomite 1 

luminesces medium to bright red or orange-red with characteristic bright speckles and streaks, 

probably due to internal reflections from the inclusions. In CL it may show mild zoning from red 

to dark red, and where it does, replacing masses of quartz crosscut the zones. Dolomite 1 is 

found throughout the Mines Series. The composition averages 

Ca0.971Mg0.9911Fe0.0063Mn0.0021Zn0.0005Sr0.0003(CO3)2 (n=70), with Co and Ni below detection 

limits. There is a slight increase in average trace metal content in the RSF, DStrat, and SDB 

relative to the RSC (Fig. 10). Dolomite 1 partly replaces one of the chalcedony generations 

present in the RSC, but quartz and dolomite 2 overgrow or replace dolomite 1 partly to 

completely, as they overgrow or replace the disseminated ore sulfides. The correspondence in 

textural relationships of white dolomite 1 and the disseminated sulfides suggests that they 

formed during the same time period.  

This second dolomite is cloudy white in hand sample, forms coarse rhombs that 

pseudomorph or overgrow dolomite 1, and overgrows quartz and chalcedony. Dolomite 2 occurs 

everywhere that dolomite 1 does, and unlike the white form of dolomite 1, it occurs in 

mineralized and in barren areas alike. In CL dolomite 2 is medium-dark red, moderately well 

zoned, and homogeneous, with bright spots and speckles only where it replaces the first 

dolomite. These replacements are optically continuous with the remnants of the first dolomite, 

and can deceive the petrographer into believing that the entire crystal, not just a part of it, 

consists of dolomite 2. However, the second dolomite is slightly more Fe-rich than the first, and 

its average composition is Ca0.9438Mg0.9867Fe0.0118Mn0.0031Co0.0009Zn0.0006Sr0.0003Ni0.0001(CO3)2 

(n=57). Dolomite 2 overgrows the quartz and the disseminated ore sulfides, but is texturally 
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associated with the vein-hosted sulfides. Both sulfides and dolomite 2 are overgrown and 

replaced, locally by a late chalcedony, more commonly by dolomite 3.  

This third and final type of extant dolomite forms thin veinlets, many of them stained red 

by Fe oxide inclusions. If this mixture is disseminated in the “matrix” in the RSC, the core is 

brick-red. Though most abundant in the RSC in the mixed zone, dolomite 3 occurs throughout 

the Mines Series, but only in a zone between about 50 and 500 m depth. In CL, dolomite 3 shows 

strong oscillatory zoning on the 10-micron scale and may luminesce red, yellow, orange, dark 

red, or quenched. Its composition is so variable that an average is meaningless. It ranges from 

nearly-stoichiometric Ca0.991Mg1.004Fe0.002Mn0.002Co0.001(CO3)2 with detectable Sr but no Ni or 

Zn up to a cobaltoan dolomite whose formula is Ca1.011Mg0.691Co0.295Mn0.0017(CO3)2 with 

detectable Fe, Ni, Zn, and Sr. Dolomite 3 crosscuts all other phases observed except for the oxide 

and carbonate Cu-Co ores, native Cu, and cuprite.  

Although dolomite, quartz, and chalcedony are the gangue minerals most useful for 

interpreting paragenesis, other minerals are also part of the alteration sequence. Some of these, 

such as the chlorite, illite, and talc that dominate the shales, and the rare rutile, are too fine-

grained for the petrographer to decide between sedimentary and secondary origins. Tourmaline is 

slightly coarser-grained, and under the SEM shows enough zoning and a euhedral shape to 

suggest authigenic formation. However, it is not possible to judge when the tourmaline formed. 

Coarser-grained muscovite and phengite form inclusions in the quartz and in the second 

dolomite.  

Anhydrite was present once in the DStrat and RSF, but now only remnants of it remain in 

the rectangle-shaped laths now pseudomorphed by quartz and dolomite. There is an inverse 
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relationship between lath abundance and sulfide mineralization in the DStrat at TFM. This is the 

opposite of what Muchez et al. (2008) report at Kamoto, but accords with the results of studies 

by Bartholomé (1974), Annels (1974), Fleischer et al. (1976), Lerouge et al. (2005), Selley et al. 

(2005), and Woodhead (2013). 

Apatite is also present and its timing is similarly difficult to constrain. Fine grains of it, 

with ragged edges and concentrated in some laminations in the rock fabric, are probably detrital 

or a very early phase. However, there are also prismatic relicts that show that some apatite 

formed during alteration. Those relicts now consist of aggregates of the first type of dolomite, 

some of them with quartz rims, and some of them adjoining skeletal apatite crystals. All apatites 

observed luminesce yellow, lilac, or lilac with a yellow rim, but the variation in luminescence 

signature does not correlate with stratigraphy or location. The few SEM analyses performed on 

apatite detected no Cl, but some F.  

Pyrite occurs as framboids and as euhedral crystals. Framboids are restricted to the RSF, 

SDB, SDS, and CMN. They are most abundant in the SDS, perhaps because of a lack of ore 

sulfides there; likewise, the RSF abounds in framboids where it contains no ore. However, in 

many samples framboidal pyrite coexists with Cu-Co-Fe sulfides with no evidence of 

replacement or dissolution. Framboids are included in or overgrown by carrollite, chalcopyrite, 

bornite, quartz, and all three dolomites. They may also be overgrown by euhedral pyrite, some of 

it containing up to 12 wt% Co. This is about the only Co found in barren écailles. However, 

cobaltoan pyrite is rare even in mineralized écailles: the average composition of TFM pyrites is 

around Fe0.977Co0.015Cu0.004S2.004 with detectable As, Ni, and Se (Fig. 11). Where present, the 

cobaltoan pyrite rims are included in overgrowing carrollite. The euhedral pyrite occurs in all 
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units except the RAT, but is most abundant at greatest distance above or below the RSC and 

reaches a maximum in the pyritic shales of the SDS and CMN.  

Most of the sulfide Co at TFM is in coarse idiomorphic to hypidiomorphic carrollite. This 

thiospinel occurs in laminations, in lenses parallel to lamination, around the edges of nodules, 

and less commonly in the crosscutting white dolomite veins. Most carrollite is in the DStrat and 

RSF, although the SDB contains significant concentrations. In the RSC, a few large single 

crystals occur in the blue dolomite or around the edges of the white dolomite associated with the 

blue. Most TFM carrollite is slightly Co-enriched compared to stoichiometric CuCo2S4, with 

compositions averaging Cu0.953Co2.021Ni0.005As0.003S3.994. There is only a slight stratigraphic trend 

toward Cu-poorer compositions in the SDB and SDS, and no carrollite examined shows the 

slightest trace of compositional zoning or other internal variation. The primary differences 

among carrollites are their appearance and their textural relationship with the Cu-Fe sulfides. 

Some carrollites are pristine, without inclusions, little fractured, and have no discernible 

replacement or inclusion relationships with the other ore minerals. These overgrow carrollites 

containing islands of bornite-chalcopyrite and bornite-digenite. However, the same material in 

the islands is also found surrounding the carrollites and invading it along cracks. The timing 

relationship between these carrollites and the Cu-Fe sulfides is thus unclear (Schuh et al., 2012). 

In general, the vein carrollites contain none of the Cu-Fe sulfide inclusions and the disseminated 

carrollites contain many.   

The Cu-Fe sulfides, besides confusing the textural relationships of carrollite, occur as 

coarse aggregates in dolomite veins and as fine disseminations through the shale-rich layers. 

Rarely does one Cu-Fe sulfide mineral occur alone: in general, chalcopyrite and bornite are 
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intergrown together with myrmekitic texture, and digenite and bornite are intergrown with 

myrmekitic or Widmanstatten-like textures (Fig. 12). Chalcopyrite is more abundant than bornite 

and digenite in the SDB and SDS, and bornite and digenite are more abundant than chalcopyrite 

in the DStrat and RSF. Neither occurs in the RSC, and only a little chalcopyrite in the SDS. This 

creates a distribution pattern roughly symmetrical about the RSC, from proximal digenite and 

bornite through chalcopyrite to distal pyrite (Fig. 13).  

Sulfides occurring in veins are the same in mineralogy as those found in the immediate 

wall-rocks, or as those within 10 m; if there are no disseminated sulfides within < 10 m, the 

veins are unmineralized. Figure 14 shows the relationship in their distribution. Veins are as 

abundant in the barren écailles as in the mineralized ones, but in the barren écailles these veins 

are devoid of any sulfide except a little pyrite. In mineralized écailles, vein sulfide mineralogy 

has no discernible zoning pattern or relationship to stratigraphy. Bornite, digenite, and 

chalcopyrite are common in veins; carrollite and pyrite are rare. Some especially sulfide-rich 

veins are matched by sulfide-depleted envelopes, suggesting that the metals and sulfur for the 

vein sulfides came from precursors disseminated in the wall rock.  

 

Supergene minerals 

Near the surface, all three dolomites have been dissolved and the sulfides have been 

replaced by oxide and carbonate ores. Nearest the surface, the dissolved components were 

moved; Cu being more soluble than Co in the supergene environment, the two decoupled and Cu 

moved farther (Rose, 1989; Decrée et al., 2010). At slightly greater depths, oxidation occurred in 

situ with negligible movement and decoupling. At still greater depths decoupling ceases entirely; 
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sulfides oxidized in situ, and the Cu and Co supergene minerals remained together (Fay and 

Barton, 2012).  

In contrast to the hypogene suites, the majority of TFM’s supergene minerals have no 

apparent relationship to stratigraphy. The exceptions are cuprite and native copper, which are 

most abundant in the RSC, and heterogenite, which concentrates in the SDB. Rather, the main 

control on supergene ore mineralogy is depth below the modern topographic surface. At the top, 

the most common ore minerals are malachite, chrysocolla, and heterogenite, with rarer 

pseudomalachite, kolwezite, and plancheite (katangite), and very rare cornetite. These persist at 

greater depths, where (>50 m) cobaltoan dolomite and scarce brochantite and libethenite appear, 

joined at yet greater depths by cuprite and native Cu. Below that, chalcocite is the chief 

replacement for the Cu-Co sulfides. The depth of oxidation varies with topography, deposit, and 

local structure, but malachite was observed in one core sample taken from > 700 m below the 

surface. However, this is rare and generally indicates a large, fluid-channeling fault nearby 

(Dewaele et al., 2006; Torremans et al., 2013). In general, supergene oxidation is restricted to 

much shallower levels. At depths more than about 100m below the surface, the replacing oxide, 

carbonate, or chalcocite merely forms rims around surrounding carrollite or chalcopyrite, and at 

> 500 m most sulfides are intact and oxides are absent.  

 

Variability in paragenesis and composition over distance 

The textural relationships among minerals in each sample were plotted in mineral texture 

diagrams such as Fig. 8, and these were placed at the sample’s coordinates on a map of TFM. 
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The result showed that alteration and mineralization paragenesis is roughly the same everywhere 

at TFM, except for the lack of ore and the white form of dolomite 1 in the barren écailles.  

Likewise, the CL signatures of CL-active minerals were plotted on the TFM district map. 

Such maps indicate that the first dolomite has the same CL signature everywhere in the district. 

The second dolomite varies a little more: most samples have dark red cores and brighter red 

rims, but there are some in which this arrangement is reversed. In most such reversals, the 

second dolomite is replacing and overgrowing the first. As this suggests, chemical analyses 

found that neither the ore-stage nor the second dolomite varies in composition over the district. 

Figure 15 summarizes these data for four écailles at TFM.  

In contrast, the third, supergene dolomite shows strong oscillatory zoning on the 10-

micron scale within crystals. The luminescence, composition, and order of the zones varies from 

sample to sample. Two crystals of the third dolomite, taken less than one meter apart, may have 

nothing in common in composition or in luminescence. Adjacent zones within the same crystal 

may vary in composition by 7 wt% Fe (Fig. 16).   

 

INTERPRETATION 

Paragenesis and timing of alteration 

The alteration paragenesis can be read from the relationship diagrams from Figure 9 and 

is summarized over the TFM district in Figure 17. It shows an alteration sequence beginning 

with framboidal pyrite, anhydrite, chalcedony, probably an early carbonate, and perhaps apatite. 

Their relative order is unclear, but all of them were replaced or included in the blue dolomite that 

followed. The second stage of this dolomite, corresponding to the white dolomite and 
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accompanied by first Cu-Co and then Cu-Fe minerals, reached some parts of the district but not 

others. The next alteration minerals – quartz and chalcedony – again reached all parts of the 

district. The second dolomite followed, replacing the first and moving some disseminated ore 

into veins. During later supergene oxidation, a third dolomite formed and sulfide ores oxidized. 

The textural evidence is not sufficient to relate the timing of phyllosilicates and apatite precisely: 

all that can be said is that they both preceded the quartz.  

A few of the events can be established precisely, either with absolute ages or relative to 

sedimentation, diagenesis, or orogeny. If framboidal pyrite can be considered an alteration 

mineral, then the presence of framboidal pyrite at TFM means that alteration began within a few 

years of sedimentation (ca. 880 Ma), for sulfate-reducing bacteria live within 0.5 m of the 

sediment-water interface (Berner, 1970; Haynes, 1986; Porada and Druschel, 2010). A nearly 

synsedimentary origin is consistent with the widespread occurrence and abundance of features 

from this generation – anhydrite and a carbonate can precipitate from seawater with no need to 

wait for metasomatism to introduce any other components.  

The timing of the next event – the main ore stage and dolomite 1 – is more problematic. 

The laminations in the shale units curve smoothly, parallel to the tapered edges of layer-parallel 

antitaxial dolomite veins (Fay and Barton, 2012). This could be soft-sediment deformation 

accompanying hydraulic lifting of overpressured sediments (Phillips, 1974), which would 

indicate that the dolomite and ore formed before lithification. The same texture, however, could 

represent ductile deformation during early Lufilian metamorphism a few hundred million years 

later, or could represent the replacement of an early carbonate by a later one that preserved the 

antitaxial texture. There are two supplementary lines of evidence that may help solve this: the 
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first dolomite occurs in both the layer-parallel veins and in the high-angle veins, and Re-Os 

dating on ore sulfides from other Copperbelt sites places the main ore stage at the onset of the 

Lufilian orogeny (Richards et al., 1988; Barra, 2005). In the layer-parallel veins, moreover, the 

inclusion texture interpreted as replaced early carbonate is very common. Therefore, although the 

question is far from settled, the authors consider late diagenetic mineralization (ca. 600 Ma, +/- 

50 Ma) most consistent with the available evidence, both at TFM and elsewhere in the 

Copperbelt.  

Succeeding events cannot be placed on an absolute timescale with the available data. The  

abundance and widespread occurrence of the quartz, chalcedony, second dolomite, and vein 

sulfides are consistent with formation during the Lufilian orogeny but are not diagnostic of it. 

The supergene minerals could have formed anytime after the Lufilian orogeny and exposure, 

although De Putter et al. (2010) dated one set of them to the Mio-Pliocene.  

 

Fluid systems 

The degree of variability in mineral compositions and CL signatures over distance 

reflects the scale of the fluid systems that formed them, and zoning and other spatial trends in 

composition reflect changes in the fluids’ composition during flow. In rock-dominated systems, 

the fluid composition evolves quickly and over short distances, whereas in fluid-dominated 

systems, the fluid composition remains more or less constant as it passes through the rocks – 

barring changes in other variables (Bethke and Marshak, 1990). Small fluid systems produce 

minerals whose compositions vary from place to place; large fluid systems produce fairly 

uniform compositions, or gradual and consistent change, over long distances.  
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At TFM, dolomites 1 and 2 vary little in composition over a scale of 25 km (Fig. 15), 

indicating a large-scale fluid system at work. The supergene dolomite 3 formed in a rock-

dominated system, where the fluid composition changed over short distances and at several 

intervals through the time when individual crystals were precipitating. It might be more 

appropriate to consider the supergene system as a number of local fluid systems with a common, 

meteoric, water source.  

The compositions and CL signatures of dolomites 1 and 2 indicate that the fluid was at 

least mildly oxidizing (Eh > 0) and had a neutral to slightly alkaline pH (7 < pH < 10) during 

precipitation (Machel, 1985). The lack of internal variation in single crystals suggests that those 

conditions held steady over the time of crystallization, with perhaps a slight Eh change as the 

brighter-luminescing rims of dolomite 2 precipitated. The fO2-fS2 range around the contact of the 

chalcopyrite and bornite stability fields is also within the stability of carrollite, chalcocite, and 

pyrite at 100 ˚C (Fig. 18), and is likely close to the sulfur and oxygen fugacity conditions of ore 

formation given the commonness of bornite-chalcopyrite exsolution textures. However, this 

should be taken with some caution: the replacement textures among carrollite, pyrite, and the Cu-

Fe sulfides make it doubtful that they were in equilibrium.  

 

Fluid pathways and mineral precipitation 

The RSC appears to have been the aquifer for altering and mineralizing fluid transport. 

Alteration is heaviest there, and its intensity decreases with distance from the RSC. Ores are 

concentrated above and below it, and their mineralogy is zoned around it (Fig. 13). The first 

dolomite is high in Fe and Mn in both orebodies and low in the RSC (Fig. 10). The only 
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lithological difference between mineralized and barren écailles is in the RSC. The best 

explanation for these observations is that the RSC was the principal fluid conduit during the 

main ore stage and that altering and mineralizing fluids flowed out from it to the orebodies to 

precipitate sulfides. This is consistent with the RSC’s stratigraphic position and with the fact that 

before major silicification it was probably the most permeable unit in the Mines Series: the 

skeletal texture the RSC shows in ridges today demonstrates its capacity for fluid transport, 

particularly in comparison with the relatively impermeable shales above and below it.  

There is not enough evidence to determine any additional detail about the ore fluid 

pathway: where the fluid came from, which direction it flowed, or how far. The ore-stage 

minerals are invariant in composition over distance, so there is no evidence as to which end of 

the district was proximal and which was distal.  

It is only possible to say what areas were not in the fluid pathway. The barren écailles 

received the first, blue type of dolomite 1, but not the second, white type or the ore. They must 

have been cut off from fluid access for some reason: compartmentalization of the basin by 

pressure or by faults related to basin inversion; faulting as the rift proceeded; a distal location too 

far for a dying fluid system to reach. It could also have been a consequence of original 

lithological variation in the RSC, which made it less permeable in the barren écailles than 

elsewhere, or a heavier dose of the first stage of the first dolomite, which filled up available pore 

space and reduced permeability. It could have been a combination of those factors, or another 

factor entirely.  

One objection that may be raised is that the ore-stage fluid might have reached the now-

barren écailles but not precipitated minerals there. However, this is unlikely: the trap for ore 
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minerals seems to have been the availability of usable sulfide, and the barren écailles are rich in 

framboidal pyrite. There are several reasons to suggest sulfide availability as the ore trap. 

Sulfides are rare in the RSC except in its shale intercalations, where chalcocite Cu grades locally 

exceed 19%. Ore sulfides are scarcest where pseudomorphed anhydrite is abundant – which is 

where sulfide sulfur presumably was not. Furthermore, sulfur addition is one of the most 

efficient mechanisms for reducing the solubility of Cu and Co in chloride solutions, and the 

zoning pattern of the Cu-Fe sulfides above and below the RSC (Fig. 13) reflects increasing sulfur 

fugacity with distance. All of these suggest that the fluid flowed through the RSC, which 

contained little original sulfide, and left the ore minerals in the pyritic shales above and below 

(Fig. 19).  

It is difficult to interpret the pathway and trap for the fluids associated with quartz, and 

the one that formed dolomite 2 and the vein sulfides. Dolomite 2 occurs everywhere in the 

district and throughout the stratigraphic section, and there is no relationship between its 

composition and the stratigraphy. The fluid that precipitated it could have flowed through the 

RSC, or from bottom to top in the Mines Series, or in any other direction: its tendency to form 

veins, and the matrix of the crackle breccia in the lowermost RAT, suggest that fractures rather 

than stratigraphic permeability may have provided the fluid pathway. By the time it formed, the 

RSC’s initial permeability would most likely have been occluded by the first dolomite.  

 The RSC later returned to its role as aquifer, when the supergene fluids dissolved some 

of its dolomites. Carbonate dissolution and supergene ore mineral occurrence persist to a greater 

depth in the RSC than they do in any of the other units. Carbonate and oxide ores precipitated in 
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it: the hypogene fluids had left the RSC unmineralized, but the supergene fluids made it an ore 

host.  

 

DISCUSSION 

Historical perspectives on TFM 

The ore deposits at TFM have been explored since the early 1910s, but are not well 

described in the geological literature. Most articles feature TFM only as an example to cite on 

one side or another of the debate over how the Copperbelt ores formed. This debate began 

shortly after the Copperbelt was described (Cornet, 1897) and has not stopped since. Waldemar 

Lindgren (1911) wrote that the ores were epigenetic; Gray (1930) and Robert (1931) thought 

they were magmatic-hydrothermal, and the magmatic-hydrothermal model reigned for the next 

three decades (Darnley, 1960). It was gradually replaced by the syngenetic view championed by 

Mendelsohn (1961) and Garlick (1964, 1989). Syngenesis gave way to a new version of the 

epigenetic model, advanced by Bartholomé et al. (1972) and Bartholomé (1974). This is the 

concept now current, though in various modified forms: syndiagenetic (Porada and Druschel, 

2010), multiphase early diagenetic (Muchez et al., 2008); synorogenic (Sillitoe et al., 2010).  

Three publications have focused on TFM itself: Oosterbosch (1951), Fay and Barton 

(2012), and Schuh et al. (2012). Oosterbosch (1951) studied Fungurume sulfides in an effort to 

decide between the syngenetic and diagenetic models. He ended by not preferring either, but he 

did provide a valuable description of sulfide mineralogy, texture, and distribution, and a 

discussion of the possible role of gangue minerals in enabling the rock to channel ore-bearing 

fluids. Fay and Barton (2012) assessed the distribution of the ore and gangue alteration minerals 
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and used it to interpret the nature and distribution of supergene oxidation at TFM’s Mambilima 

and Kansalawile deposits. Schuh et al. (2012) provided a descriptive overview of the geology of 

TFM and reviewed what is known about its formation in light of the diagenetic model of 

formation for the Central African Copperbelt. The evidence presented in this article, though not 

definitive, favors an epigenetic origin for the ores, followed by orogenic remobilization of 

disseminated sulfides into later veins and eventually by supergene reworking.  

 

Alteration and mineralization processes at TFM: space and time 

This study has found that the post-depositional history of TFM began with framboidal 

pyrite, anhydrite, carbonate, and chalcedony, and that the deposits themselves were 

superimposed on this background by a large-scale fluid flow system. Metal-rich brines flowed 

through the RSC and percolated into the shales above and below, precipitating ore where they 

met sulfide. They precipitated dolomite at roughly the same time, and more fluids added quartz 

later. Fluids from a second large-scale system, or from a later manifestation of the same one, 

entered the Mines Series by an unknown path, added more dolomite, and remobilized some of 

the earlier ores, under conditions similar to the environment that had prevailed during the main 

ore stage. Lastly, local meteoric fluid systems oxidized and moved ore minerals and dissolved 

and reprecipitated dolomite in the supergene environment.  

Work on 20 of TFM’s 50+ écailles, spread over 25 km, failed to detect any lateral zoning 

or trends in hypogene ore and accompanying alteration, indicating that they formed in a fluid 

system much larger than the district, although some areas were closed off during the main ore 

stage alteration and remained barren. Further work outside TFM is needed to determine whether 
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any zoning becomes apparent when the alteration mineral assemblages, paragenesis, and 

compositions are examined on a larger scale, and to estimate the size of the flow system that 

formed them. From this study it is only possible to say that during both ore and remobilization 

stages, what is now TFM was flushed throughout by fluids whose composition did not change 

appreciably across the district.  

Although the hypogene fluid systems were both large in the lateral sense, the main ore 

stage fluids reached only the few hundred meters between the upper RAT and the SDS. The 

second- or remobilization-stage fluids reached farther, making a crackle breccia out of the 

lowermost RAT and veining everything above it through the CMN, but not moving metals very 

far.  

As for timescale, the alteration sequence overall may have begun almost with deposition 

at 880 Ma, and it continues in the supergene realm today. But this does not mean that every 

minute of the intervening time has been occupied by alteration. The major alteration and 

mineralization processes could occur over a much shorter time than the 300 million years 

proposed by some authors (e.g. Lefebvre, 1989b). Normal subsurface waters can flow 

approximately one meter per year (Cathles and Adams, 2005); the Dipeta Syncline is 25 km 

(25,000 m) long; a single packet of fluid could cross it in 25,000 years and could cross the 400 

km of the Copperbelt in 400,000 years. TFM’s paragenetic sequence includes several alteration 

episodes related to fluid, but even so, the main ore stage and the subsequent vein mineralization 

could have happened all over the Copperbelt in a few million years or less, not counting 

“downtime” between episodes.  
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Timing of the main ore stage 

Next to the source of metals, the timing of stratiform mineralization is the most 

contentious topic in Copperbelt research. Estimates range from syndiagenetic to synorogenic 

(Porada and Druschel, 2010; Sillitoe et al., 2011) and cover the entire 300 Ma in between. The 

various times have various implications for ore occurrence. If the ores formed during early 

diagenesis, the sulfides and their zoning patterns should be fully concordant with the strata, and 

the ore-stage dolomite should likewise be disseminated throughout the strata. If ores and ore-

stage dolomite formed after lithification but before folding, they may still exhibit a large degree 

of concordance with the strata, but could also form in veins; however, the orebodies would be 

expected to be folded and faulted along with their host rocks during subsequent orogeny. If they 

formed during the orogeny, a high degree of stratigraphic concordance remains possible, but 

most orebodies should then occur in orogenic structures: at fold noses, in veins, and so forth, and 

the Lufilian faults should not crosscut mineralization nor juxtapose mineralized and 

unmineralized écailles.  

At TFM, ores and the ore-stage dolomite are found in high-angle veins, and the zoning 

pattern is slightly discordant to the strata. This rules out formation prior to lithification, and 

suggests later rather than early diagenesis. However, Lufilian faulting deformed and 

dismembered the strata when they had already been mineralized, ruling out formation during 

orogeny. No radiometric dates are available for TFM rocks, but geochronological work 

elsewhere in the Copperbelt has dated most of the stratiform ores to the 600s Ma. Advocates of 

an early diagenetic timing claim that this reflects Lufilian reworking, and they may be right; but 

only one site in the Copperbelt has yielded an early diagenetic date (the 816 +/- 62 Ma formation 
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of disseminated and prefolding veinlet chalcopyrite and bornite at Konkola; Selley et al., 2005). 

All other geochronological results correspond to late diagenesis or epigenesis (Selley et al., 

2005). In order to effect this, the Lufilian would have had to reset the radiogenic isotope 

signature of every dated Copperbelt sulfide except one. This would require a nearly complete 

reworking, and would create the orogenic textures conspicuously absent from the deposits whose 

early diagenetic origin is being advocated.  

 

Alteration: Diagenesis and metasomatism  

How much of this alteration history of the Mines Series was simply isochemical 

diagenesis of the original components, and how much was chemical change by metasomatism? 

Beginning with the terms, Bartholomé (1974) defines the diagenetic time interval as the period 

beginning with deposition of clastic sediments and ending when the primary porosity and 

permeability of all beds in the sequence have decreased to their modern values. Diagenesis may 

include change in chemical composition as well as recrystallization and internal movement of 

components (Bartholomé, 1974). When diagenesis is isochemical, the mineralogical changes it 

causes are mere adjustments to the increasing pressures and temperatures of burial; reaction with 

a newly introduced component or depletion in an existing one defines metasomatism 

(Goldschmidt, 1922).  

Examining the mineralogy of each episode in the paragenesis shows that isochemical 

diagenesis would easily have sufficed for the earliest phases. A multitude of studies has 

established that the Mines Series sediments formed in a basin in an arid environment (e.g., 

Annels and Simmonds, 1984; Lefebvre, 1989a; Cailteux et al., 1994). The abundance of 
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pseudomorphed anhydrite indicates that seawater was present and evaporating at TFM: analogy 

with modern basins suggests this would have resulted in a brine rich in Na+, Ca2+, Mg2+, Cl-, 

SO4
2-, and HCO3

- (Eugster and Jones, 1979). In such a situation anhydrite precipitates at the 

edges of the basin, halite at its center (Lindsay, 1987), and bacterial activity produces framboidal 

pyrite and byproduct carbonate (Haynes, 1986, and references therein). Progressive evaporation 

is another way to precipitate carbonate, as well as silica, without bacterial mediation (Eugster 

and Jones, 1979).  

Several Copperbelt geologists have assumed that the Mines Series chlorite, illite, and 

Mg-tourmaline represent early and massive Mg-metasomatism (e.g., Moine et al., 1986; Cluzel, 

1986; Lerouge et al., 2005; Schuh et al., 2012). However, no introduction of Mg is needed to 

produce a highly magnesian mineralogy. Ordinary seawater is capable of generating voluminous 

primary dolomite (e.g., Land, 1998; Warren, 2000), and basinal brines, enriched in Mg/Ca by 

gypsum and anhydrite precipitation, are especially suitable secondary dolomitizing fluids 

(Hardie, 1987). As for the Mg-chlorites, their provenance is unknown, and their high Mg 

contents cannot be considered diagnostic of Mg metasomatism until the possibilities of a high-

Mg source, of halmyrolysis, and of simple diagenetic Mg increase have all been excluded. 

Regarding the first, Rainaud et al. (2005) found chloritic alteration in the metavolcanics of the 

Lufubu Complex and in the Mufulira granite, both source rocks for the Mines Series sediments. 

The composition of the chlorites was not specified. In addition, given that seawater is heavily 

enriched in Mg compared to Fe, chlorites equilibrated with seawater would tend to be Mg-rich 

without requiring metasomatism (Hayes, 1970). Beyond the possibilities for primary Mg-

chlorite, alteration without metasomatism can produce chlorites with Mg/Fe ratios extending up 
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to clinochlore (Hillier and Velde, 1991). Lastly, Mg can be enriched in chlorites by halmyrolysis, 

that is, ion exchange with seawater (Hayes, 1970). None of these possibilities has been 

eliminated for the Copperbelt Mg-phyllosilicates. Early, voluminous Mg metasomatism may 

indeed have occurred but is by no means proven, nor is it necessary to explain the observed 

mineralogy.  

Thus, all of the early phases found in the Mines Series can easily be produced from 

isochemical diagenesis in a typical arid basin. However, the Cu-Co sulfides that formed during 

the next episode could not have come from seawater or marine brine without metasomatism. 

Ocean water contains about 0.3 ppb Cu and 2 ppt Co; producing a single metric ton of average-

grade TFM ore would require about 1.5 billion metric tons (1500 km3) of average seawater. 

Producing the 54 Mt of the proven resources at TFM (Schuh et al., 2012) would require roughly 

81 billion km3 of seawater, which is about 60 times the total modern ocean volume (from 

noaa.gov). Metasomatism is required.  

This is old news to most Copperbelt research; even the syngeneticists suggested a detrital, 

not a seawater, source for the metals. Since syngenesis departed from the literature, researchers 

have proffered various other potential sources: red-beds (Selley et al., 2005), Archaean porphyry 

Cu deposits supplemented by Paleoproterozoic cratonic Cu-Co-Ni (Cailteux et al., 2005); 

amphibolite sills (Annels, 1984; Annels and Simmonds, 1984), basement (e.g. Sweeney et al., 

1991; Schuh et al., 2012), or unspecified hinterland (e.g., Porada and Druschel, 2010). Each of 

these has been contested, and Sweeney et al. (1991) present a summary of the debate. Hitzman 

(2000) pointed out that the para-autochthonous or allochthonous nature of the Copperbelt 
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deposits significantly complicates the question of their derivation. The present author is content 

to state that metasomatism brought in metals, without speculating on their source.  

The next alteration episode created the second generation of dolomite, and the vein 

sulfides found with it. Opinion is divided as to whether these represent a metasomatic influx of 

new metals or an isochemical remobilization of the existing sulfides and dolomite (e.g., Dewaele 

et al., 2006; Brems et al., 2009; Sillitoe et al., 2010, pro metasomatism, versus Steven and 

Armstrong, 2003; Lerouge et al., 2005; Cailteux et al., 2005, contra metasomatism). At least at 

TFM, this alteration episode need not have involved metasomatism: vein ores exist only near 

disseminated sources, suggesting that alteration merely moved the components of the 

disseminated ores a few meters. The remobilizing fluid was another Cl-dominated brine (35-45 

wt% NaCl eq.; El Desouky et al., 2009), probably associated with the Lufilian orogeny (El 

Desouky et al., 2009). Evaporites could provide it with the Cl, wall-rock sulfides the Cu and Co, 

and preexisting dolomite the Ca, Mg, and CO2. This episode of alteration can be accounted for 

without invoking extensive metasomatism – though metasomatism may nonetheless have 

occurred.  

Supergene alteration is a relatively clear-cut case of meteoric water moving native 

chemical constituents around without significantly adding to them. In this final alteration stage, 

dissolved hypogene metals combined with dissolved host-rock carbonate and aqueous oxygen to 

form the secondary oxide and carbonate ore minerals (De Putter et al., 2010; Decrée et al., 2010).  

To summarize, the alteration history of TFM requires many alteration episodes but only 

one hypogene metasomatic event, although there may have been more. Most of the alteration 
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minerals can be formed by isochemical diagenetic processes. Only the main ore-stage alteration 

requires an external source for the components it added to the rock.  

 

Alteration and mineralization processes at TFM: geological context 

The interpretations made above require little that is geologically unusual. What is odd 

about the Central African Copperbelt, and about TFM, is only the quantity of Cu and Co present: 

otherwise, the processes that operated on the Mines Series were fairly typical for the arid basinal 

environment (Warren, 2010). Large-scale brine migration through a source rock and into a trap is 

well known in worldwide sediment-hosted ore deposit formation (e.g.,  Pirmolin, 1970; Morrison 

and Parry, 1986; Annels, 1989; Hayes, 1990; Dewaele et al., 2006; El Desouky et al., 2008, 

2009).  

The large-scale fluid flow that occurred at least twice at TFM can result from 

compaction, diagenesis, glacial unloading, and regional deformation, among other causes 

(Hanor, 1979; Marshall and Gilligan, 1987; Cathles and Adams, 2005). All of these could be 

consistent with the paragenesis and distribution of alteration and with the conditions calculated 

for the altering fluids, so voluminous fluid circulation does not constrain the timing of alteration; 

nor does the fluid inclusion and geothermometric work elsewhere in the Copperbelt. Repeated 

analyses of samples from multiple sites have found that the main ore-stage fluids were 

hypersaline (19-25 wt% NaCl eq.) and moderately cool (< 250 ˚C) (Pirmolin, 1970; Annels, 

1989; El Desouky et al., 2009, 2010; Muchez et al., 2010). These conditions could be met by 

concentrated seawater, connate brine, diagenetic brine, or metamorphic fluids after dissolving 

evaporites (Eugster, 1980; Hanor, 1994). All of these are common in basins.  
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Nor is the range of fluid movement (> 25 km) at TFM unusual. Larger flow systems are 

well studied (e.g., Bethke and Marshak, 1990). The brines that formed the Midcontinent MVTs 

appear to have traveled long distances, creating sphalerites with millimeter-scale compositional 

stratigraphy continuous over >23 kilometers (McLimans et al., 1980). Flow in the Kupferschiefer 

deposits extended throughout Poland at the same (Rotliegendes) stratigraphic horizon (Jowett, 

1986; Jowett et al., 1987), and may have retraced its path during late diagenesis (Cathles et al., 

1993). In the present day, rainwater falling on the Rocky Mountains travels 1600 km in the 

subsurface (Banner et al., 1989), and rainwater on Australia’s Great Dividing Range for 1200 km 

(Bentley et al., 1986). The 1-2 Ma required for the Australian rainwater to make its transit 

through a sedimentary pile with 20% porosity suggests that the timescale of a few hundred 

thousand years for an individual alteration episode at TFM is plausible (Cathles and Adams, 

2005).  

In short, the geological events that created TFM were unusual in their concatenated 

results, but not singular in their individual nature: the global geological literature records analogs 

for each event in TFM’s paragenesis. The singular episode, which made the Lufilian arc into the 

Central African Copperbelt, was a single metasomatic event that infused the rocks with Cu and 

Co. Later reworking and orogeny overprinted the earlier alteration and mineralization, but the 

rocks remained the world-class Cu-Co resource they are today.  

 

CONCLUSIONS 

Overprinting and erasure of early alteration events by later ones has left incomplete the 

evidence for the processes that turned a pile of rift basin sediments into the world’s largest Cu-
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Co resource. However, this study has identified some of the alteration episodes, has mapped their 

spatial distribution, and has interpreted from these some characteristics of the processes 

responsible. The earliest traces left by alteration sensu lato are chalcedony, carbonate, 

framboidal pyrite, and pseudomorphs after anhydrite. The succeeding alteration episode 

emplaced dolomite and ore in some areas of the district, leaving the rest barren. Subsequent 

remobilizations during the Lufilian orogeny and supergene circulation failed to mineralize them 

but precipitated additional dolomite and moved the metals around a little within the mineralized 

écailles. It is possible, though not necessary, that new components were introduced during these 

episodes. Metasomatism is not required to account for any but the main ore-stage minerals.  

Stratigraphic control of minor-element patterns in the ore-stage dolomite 1, along with 

zoning in the sulfide ores, suggest that the RSC was then the aquifer. Lack of detectable lateral 

compositional variation in that and the remobilization-stage dolomite indicates large-scale flows, 

perhaps comparable to the fluid systems in the Midcontinent MVTs, during both intervals. By 

contrast, high compositional variation over short distances in the supergene dolomites indicates 

local flow, and intra-crystal zoning indicates rapid changes, in the composition of the supergene 

fluids.  

The sequence and scale of events at TFM are compatible with most of what is known 

about alteration and fluid flow in the Central African Copperbelt. The main ore stage and 

remobilization stage represent normal geological processes that could occur in many basins 

during rifting, sedimentation, diagenesis, basin inversion, and orogeny. The timing of 

mineralization, like the source of metals, remains enigmatic.  
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FIGURE CAPTIONS 

Figure A1. Map of the Central African Copperbelt, showing the locations of major mines and 

towns.  

Figure A2. Stratigraphy of the Mines Series (Roan Supergroup) at TFM, with notes on 

sedimentology, alteration, and mineralization. Percentages are volume % of each mineral 

in the rock; minerals that may be both detrital and secondary, or whose origin is unclear, 

appear in both detrital and secondary columns.   

Figure A3. Field and core photos of Mines Series rocks. Strata and locations are marked on 

each. F=Fungurume, Kw=Kwatebala.  

Figure A4. Map of Mines Series outcrops on the Dipeta Syncline (TFM), showing the 

distribution of different RSC weathering styles in selected écailles.  

Figure A5. Rose diagram showing the strikes of faults measured during field mapping at 

TFM.  
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Figure A6. Vectors to exploration: heavy metal-tolerant flora and the surficial weathering 

style of the RSC.  

Figure A7. The RSC. Left, the RSC-SDB contact; right, examples of the various RSC phases 

discussed in the text.  

Figure A8. Photomicrographs illustrating gangue and sulfide mineral textural relationships 

and a diagram summarizing them.  

Figure A9. The different CL signatures of each dolomite type discussed in the text.  

Figure A10. Relationship of ore-stage dolomite minor-element composition with stratigraphy.  

Figure A11. Pyrite at TFM: photomicrographs of the framboidal (pre-ore) and euhedral (ore-

stage) types, along with a BSE image and a WDS Co map of cobaltoan (cattieritic) 

overgrowths on pyrite framboids.  

Figure A12. Photomicrographs of sulfides at TFM. Clockwise from upper left: digenite-bornite 

exsolution cements framboidal pyrite; a pristine carrollite overgrowth on fractured 

carrollite in a vein with bornite and chalcopyrite; bornite, digenite, and chalcopyrite 

invading a fractured carrollite grain; core photo showing the contrast between fine-

grained, disseminated and coarse-grained, euhedral vein sulfides; pyrite overgrown by 

carrollite, overgrown by chalcopyrite, with bornite at its edges; and myrmekitic bornite-

digenite intergrowth around a vein carrollite. F=Fungurume, Kw=Kwatebala, 

Kf=Kisanfu.  

Figure A13. Distribution of sulfide minerals with respect to stratigraphy in selected drill holes 

from across TFM.  
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Figure A14. Drill hole traces showing that the large crosscutting dolomite veins (blue) occur 

throughout the stratigraphy but contain sulfides (red) only within about 10 m of 

disseminated sulfide ores (orange).  

Figure A15. Radar diagrams showing minor-element composition and representative CL 

photomicrograph of each dolomite type at four TFM deposits. Diagrams for dolomites 1 

and 2 use the same scale.   

Figure A16. Electron microprobe Fe analysis on a transect over an area of mostly dolomite 3, 

showing its high variability. Points on the transect are 30 microns apart.  

Figure A17. General paragenetic sequence interpreted for TFM.  

Figure A18. Fugacity diagram showing the interpreted conditions of formation of TFM ore 

minerals. Thermodynamic calculations are from the data of Barton and Skinner (1979).  

Figure A19. Cartoon showing proposed model of hypogene ore formation at TFM. Modified 

from Fay and Barton (2012).  
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ABSTRACT  

This study of the Tenke-Fungurume sediment-hosted Cu-Co district uses the elemental 

and isotopic compositions of alteration minerals, their solubilities, and their phase equilibria 

where applicable, to identify the geochemical conditions prevailing during each stage in the 

paragenesis and to constrain the processes responsible for each alteration episode.  

Anhydrite, framboidal pyrite, chalcedony, and a now-replaced carbonate are all replaced 

or overgrown by dolomite and sulfides from the main ore stage, which involved two substages: 

first dolomite and cobaltoan pyrite, then dolomite and Cu-Co and Cu-Fe sulfides, in two shale-

dominated strata that sandwich a silicified algal dolomite. The Cu-Fe sulfides are zoned from 

digenite and bornite to chalcopyrite and pyrite with increasing distance above and below the 

central bed of silicified algal dolomite. The ore-stage minerals occur as inclusions in quartz, 

which is overgrown by another dolomite. Veins of this second dolomite occur throughout the 

strata but contain sulfides only where they lie within 10 m of wall-rock sulfides. All of the 

sulfides and dolomite have been reworked near the surface into oxides and carbonates, by 

supergene fluid circulation that continues today.  

The earliest processes involved in shaping the TFM deposits were evaporative 

concentration and bacterial sulfate reduction, which produced the anhydrite and framboidal 

pyrite respectively. The occurrence patterns and zoning of the ore sulfides indicate a sulfur trap, 

probably aqueous HS- or H2S; framboidal pyrite survives unscathed with a δ34S range different 

from the ore sulfide δ34S, precluding a trap composed solely of that pyrite. The light C isotopic 

signature of the ore-stage dolomite shows the influence of oxidized organic C, which was a 

probable limiting reactant in ore deposition and may have governed hypogene ore distribution. 
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The system appears to have been Fe-undersaturated, which would have allowed higher aCu in 

solution by suppressing Cu-Fe sulfide precipitation and thereby have favored Cu-Co sulfide 

precipitation.  

The post-ore quartz may be metasomatic or may have ripened from existing pre-ore 

chalcedony; neither case provides any additional constraints on its timing. Conditions during the 

remobilization stage appear to have been similar to conditions during the main ore stage, but 

there is no mineralogical zoning nor consistent spatial variation in composition to permit 

interpretation of processes.  

This study shows that the processes of ore deposit formation in TFM were similar to the 

processes that formed other sediment-hosted deposits such as the Kupferschiefer and 

Dzhezkazgan. The major differences appear to be that the TFM sulfide trap was aqueous rather 

than pyrite sulfide, and that Fe-undersaturation at TFM facilitated Co precipitation, making it 

into a Cu-Co district rather than a Cu or Cu-Ag district.  

 

INTRODUCTION 

Purpose of this study 

In 2009, mining began in the Tenke-Fungurume district (TFM). Five years later, it is the 

world’s largest cobalt producer. In spite of that economic importance, its geology remains poorly 

understood; only three published studies have focused on it (Oosterbosch, 1951; Fay and Barton, 

2012; Schuh et al., 2012), and TFM is at best a tangential feature in literature on the remainder of 

the Copperbelt. Nevertheless, its geology, mineralogy, and geochemistry can shed light on the 

processes important in forming the Copperbelt as a whole as well as TFM in particular.  
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This study focused on determining the nature of those processes, so far as possible, from 

the compositions, phase equilibria, and mass balance of the minerals that they formed. The 

previous article in this series identified the paragenesis, spatial distribution, and zoning patterns 

in the alteration minerals at TFM. The present article will examine the geochemical conditions of 

each alteration episode in that paragenesis, and will interpret what processes formed each suite.  

 

Geological setting: the Central African Copperbelt 

TFM is part of a large system of sediment-hosted stratiform Cu(-Co) deposits in the 

Central African Copperbelt, a north-convex crescent covering the southeastern D.R. Congo and 

northern Zambia (Fig. 1). The stratiform deposits are in the Mines Series (Congo) or its Zambian 

correlatives. These lowest rocks in the Roan Supergroup were once Neoproterozoic rift basin 

sediments, chiefly carbonates in the Congo and chiefly clastics in Zambia. Detrital material from 

the Nchanga Granite, dated at 887 Ma, provides an upper constraint on the age of deposition, and 

a lower constraint comes from sills in the upper Mines Series dated to 750 Ma (Selley et al., 

2005). After the Mines Series, sedimentation continued, depositing the Upper Roan strata and the 

Nguba and Kundelungu Supergroups above the Roan (Cailteux et al., 2005).  

Hydrothermal processes transformed the Mines Series mineralogy, subtracting evaporites 

and adding Cu-Co and Cu-Fe sulfides plus gangue minerals. The alteration phases vary over the 

Copperbelt but are dominated in the Congo by quartz, chalcedony, and dolomite. The alteration 

occurred in multiple episodes whose timing is disputed. For example, estimates of the timing of 

the main ore stage range from near-synsedimentary at ~850 Ma (Porada and Druschel, 2010) and 

synorogenic at ~550 Ma (Sillitoe et al., 2010). A generalized epigenetic or diagenetic 
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metallogenesis is now generally agreed upon, although its timing, source, and other details are 

still debated; the past shows considerably more dispute. The favored metallogenetic model has 

been, at various times, a similar generalized epigenetic one (Lindgren, 1911), magmatic-

hydrothermal (Bateman, 1930; Darnley, 1960), syngenetic (Mendelsohn, 1961; Garlick, 1964, 

1989; Van Eden, 1974), diagenetic (Bartholomé et al., 1972; Bartholomé, 1974), multiphase-

diagenetic (Cailteux et al., 2005; Muchez et al., 2008; El Desouky et al., 2010) and generalized 

epigenetic again (McGowan et al., 2003, 2006). Researchers in the Copperbelt have proposed 

everything from Archaean porphyry copper deposits plus basement (Cailteux et al., 2005) to red-

beds (Hitzman, 2000) to amphibolite intrusions (Annels, 1984) to meteorites (references in 

Sweeney et al., 1991) as a source for the Copperbelt’s metals, usually without convincing 

anyone, and the metal source has been debated for eighty years without conclusive result.  

Between 570 and 510 Ma, the Congo and Kalahari cratons collided and the Mines Series 

rocks were caught in between (Selley et al., 2005). This Lufilian orogeny broke the strata into 

rafts or “écailles” and slid them northward over evaporite sheets (Jackson et al., 2003). It added a 

metamorphic overprint to the minerals and remobilized some of the metals into veins (Richards 

et al., 1988; Appendix A). This metamorphism never reached above amphibolite facies anywhere 

in the Copperbelt, and its grade decreased northward (Selley et al., 2005). Erosion later exhumed 

the Mines Series deposits and supergene oxidation began to rework the sulfides into oxide and 

carbonate ores, a process that dates back at least to the Miocene and continues today (De Putter 

et al., 2010).  
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TFM geology and paragenesis 

TFM lies on the northern edge of the Copperbelt, in the External Fold-and-Thrust Belt 

where Lufilian metamorphic overprint is weakest (Selley et al., 2005). However, the deformation 

associated with the Lufilian was still sufficient to break the Mines Series into rafts or “écailles” 

and to fold them into a rough syncline whose edges are broken by faults (Fig. 2). About one-third 

of these écailles contain little to no ore, but the rest host various grades of Cu and Co in two 

shale-dominated units in the Mines Series. These units are creatively titled the Upper and Lower 

Orebodies, and they sandwich a central ridge-forming unit called the RSC (“Roches Siliceuses 

Cellulaires”, cellular siliceous rocks).  

The present-day mineralogy of the Mines Series strata has as much to do with post-

depositional processes as with original depositional facies. Figure 3 shows the paragenetic 

sequence. Authigenic minerals began forming before the host rocks lithified, causing soft-

sediment deformation. Ellipsoidal nodules, pyrite framboids, and now-relict laths after anhydrite 

show that evaporation and bacterial sulfate reduction were common, and rhomb-shaped 

collections of tiny inclusions in later alteration minerals suggest that a carbonate phase was 

forming. It is difficult to say what this was, for all these early minerals were replaced, 

overgrown, or included by the dolomite and the sulfides that formed during the main ore stage.  

The main ore stage contains two substages, the first producing blue dolomite and 

cobaltoan pyrite, the second a white dolomite and Cu-Co and Cu-Fe sulfides. The cobaltoan 

pyrite forms overgrowths on non-cobaltoan framboids, and along with the framboids it is 

included in carrollite. This carrollite belongs to the second part of the main ore stage, which later 
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produced chalcocite/digenite, bornite, chalcopyrite, and non-cobaltoan euhedral pyrite. All of the 

Cu-Fe sulfides overgrow or partly replace the carrollite.  

The distribution of the main-stage sulfides is related to stratigraphy (Fig. 4). Carrollite 

occurs throughout the lower Mines Series strata. Bornite and chalcopyrite occur in both orebody 

units, but bornite predominates in the Lower Orebody and chalcopyrite in the Upper. A zonation 

from bornite and chalcocite nearest the RSC to chalcopyrite and then pyrite at greater distances 

is subtle but detectable. This progression is common throughout the Copperbelt, from Chambishi 

(Annels, 1984) to Kamoto (Cailteux et al., 2005). In many cases bornite and chalcopyrite grow 

together in myrmekitic exsolution, as do bornite and digenite.  

All these ore-stage minerals were in turn overgrown, replaced, or included by quartz. 

Then another generation of dolomite overgrew the quartz; the veins that the dolomite formed 

may contain sulfides where a disseminated sulfide body is within 10 m (Appendix A). The vein 

sulfide assemblage is dominated by chalcopyrite, but bornite and carrollite are common. 

Chalcocite also occurs, but could be supergene; pyrite is very rare in veins. The vein sulfides and 

dolomite were the last hydrothermal minerals to form until supergene oxidation, which dates 

back at least to the Miocene (De Putter et al., 2010). Meteoric fluids dissolved dolomite and 

metal sulfides near the surface and reprecipitated both lower down, with some modifications: the 

dolomite received variable enrichment in Cu, Co, and Fe, and the metals formed oxides and 

carbonates near the surface, grading downward to native Cu, cuprite, and chalcocite (Schuh et 

al., 2012).  

 

MINERALOGICAL AND GEOCHEMICAL OBSERVATIONS 
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Mineral assemblages in the paragenetic sequence 

Mineral assemblages and compositions are the data for constraining the conditions of 

mineral formation. This section presents these data as organized on the basis of the paragenetic 

sequence in Figure 3, enumerating the minerals in each episode and describing their textural 

relationships and their elemental and isotopic compositions.  

Compositions (Table 1) were analyzed with a Cameca SX100 electron probe 

microanalyzer (EPMA) under the conditions and with the standards given in Table 1. Samples 

for isotopic analyses (Table 2) were collected with microdrilling, using comparison with 

cathodoluminescence (CL) data to differentiate the various dolomites and comparison with 

photomicrographs to ensure that the sulfides sampled were accurately characterized. The samples 

for isotopic analysis were extracted at 70 ˚C using standard techniques.  

These compositional and isotopic data, together with thermodynamic data from Barton 

and Skinner (1979), SUPCRT92 (Johnson et al., 1992), and Holland and Powell (2011) are the 

basis for determinations of T, pH, and the phase equilibrium relationships that follow.  

Pre-ore alteration 

Most of the earliest alteration minerals in the Mines Series have been obliterated by later 

alteration. Anhydrite remains only as inclusions in the dolomite and quartz that have 

pseudomorphed it, and the early carbonate has been reduced to small, vaguely rhomb-shaped 

clusters of inclusions in later dolomites. Only the framboidal pyrite remains intact enough to 

analyze. Framboids occur in all the shale-bearing units, but are rare in the RSC. Their 

composition averages Fe0.977Co0.015Cu0.004S2.004 with detectable As (Table 1). Their δ34S signature 
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ranges from -29.1 to +20.1 ‰ CDT; the average is -0.1, but with such a wide range the average 

is largely meaningless (Fig. 5; Table 2).  

Main ore stage 

The next alteration episode was the main ore stage, which occurred in two substages: first 

a blue dolomite and cobaltoan pyrite, then a white dolomite and Cu-Co and Cu-Fe sulfides. The 

dolomite (“dolomite 1” in Appendix A) does not vary in composition all over TFM, averaging 

Ca1.000Mg0.991Fe0.006Mn0.002(CO3)2 (Table 1). Its isotopic compositions lie between 19.28 to 24.11 

δ18O (SMOW) and -8.76 to +0.81 δ13C (V-PDB) (Fig. 6; Table 2). Although samples are few, the 

isotopic study still being a preliminary stage, the resulting values appear to be scattered without 

apparent relationship to stratigraphy or spatial location.  

Cobaltoan pyrites overgrowing or cementing the framboids are bimodal in composition, 

with either < 0.006 or > 0.058 mol% Co. Two analyzed compositions lie nearly a quarter of the 

way along the join to cattierite (CoS2). On average the cobaltoan pyrite was 

Fe0.95Co0.042Cu0.004S2.003, with an average δ34S of +11.6 ‰ CDT (range +6.5 to +16.7). The 

dolomite associated with cobaltoan pyrite is blue in hand sample, perhaps due to the prevalence 

of inclusions; however, EPMA and CL analyses failed to detect any compositional difference 

between it and the dolomite formed during the second half of the main ore stage.  

After the cobaltoan pyrite and blue dolomite, there followed a white ore-stage dolomite 

along with carrollite, then with Cu-Fe sulfides. These consist of digenite, bornite, chalcopyrite, 

and euhedral pyrite, zoned in that order from the RSC outward; they overgrow and invade 

carrollite grains. In general bornite is most abundant in the Lower Orebody and chalcopyrite in 

the Upper, but there is a discernible sequence in each orebody from bornite to chalcopyrite to 
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pyrite with increasing distance from the RSC. The bornite and chalcopyrite, and bornite and 

digenite, form myrmekitic intergrowths, but this texture may have been imposed during 

metamorphism rather than during the main ore stage. None of the ore sulfides has a discernible 

textural relationship with the euhedral pyrite, but all are found overgrowing framboidal and 

cobaltoan pyrites.  

Most of the ore-stage sulfides are enriched in Co relative to their stoichiometric 

compositions. Carrollite averages Cu0.953Co2.021Ni0.005As0.003S3.994 and has an average δ34S of 

+1.9 ‰ CDT (range -10.1 to +11.4). Its average Cu decreases with stratigraphic height (Fig. 7). 

Chalcopyrite has an average composition of Cu0.994Fe0.995Co0.003S2.008 and average δ34S of +9.8 

‰ CDT (range -0.2 to +27.7), bornite Cu4.999Fe0.985Co0.005S4.1 and -0.5 ‰ CDT average (range -

4.3 to +6.3). Some of the bornite samples were so metal-enriched that an SEM electron beam 

caused flowerlike blooms of native Cu to exsolve on the sample surface over the course of 

analysis. Digenite is close in composition to chalcocite, with an average composition 

Cu1.895Co0.025Fe0.015S1.065. The δ34S of two samples of chalcocite were -5.7 and +2.6 ‰ CDT, but 

their textures indicate supergene origin.  

Phyllosilicates are common at TFM, and muscovite, Mg-chlorite, and kaolinite have 

textures suggesting authigenic origin. Like the ore sulfides, they form inclusions in the quartz 

and thus may belong to the main ore stage, but are too fine-grained to have conclusive textural 

relationships with other minerals.  

Silicification 

All the ore-stage sulfides are found as inclusions in quartz. All of the Mines Series was 

subjected to some silicification, but the RSC most of all: originally an algal dolomite, it now 
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ranges from 20 to 75% quartz by volume, depending on location, and on average is somewhat 

more than 50% SiO2. No compositional or isotopic analyses were performed on the quartz, or on 

the generation of chalcedony that immediately followed it in a few places. From this study it is 

not certain whether silicification was a later hydrothermal event or a late episode in the main ore 

stage; however, fluid inclusion analyses by Annels (1989), Dewaele et al. (2006), and El 

Desouky et al. (2009) all suggest that the quartz belongs to the ore stage, and likely represents 

the silicification of evaporites. At TFM, however, the silicified phase is generally algal 

carbonate.  

Remobilization stage 

After the silicification came another alteration episode, this one forming veins of 

dolomite and sulfides. Several lines of evidence indicate that these vein sulfides were 

remobilized out of the groundmass, not added anew. Their mineralogy is the same as the 

mineralogy of the disseminated ores but includes far less pyrite, which is notoriously refractory. 

The richest veins have sulfide-depleted envelopes, a feature noted elsewhere in the Copperbelt 

(Musoshi: Richards et al., 1988; Konkola: Torremans et al., 2013). Veins occur everywhere, but 

contain sulfides only where disseminated mineralization lies within < 10 m, more typically < 1-2 

m.  

The sulfides and the dolomite from this alteration episode are similar in composition to 

the minerals formed during the main ore stage. The dolomite contains more Fe, averaging 

Ca0.999Mg0.984Fe0.012Mn0.003(CO3)2. The elemental and isotopic compositions of the vein sulfides 

are not distinguishable from the disseminated ones; the only substantial difference is in 

homogeneity. The bornite-chalcopyrite exsolution common to main ore-stage sulfides is rare 
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among the vein sulfides, which tend to be either one mineral or the other rather than intergrown; 

however, it is common for vein bornite to possess rims of chalcopyrite, and for vein chalcopyrite 

to possess rims of bornite.  

Supergene reworking 

During the last alteration episode, descending meteoric waters dissolved sulfides and 

dolomite , and reprecipitated metals first as Cu-Co oxides, silicates, and carbonates, and still 

further below, as native Cu, cuprite, and chalcocite (Fay and Barton, 2012). The dissolved sulfur 

from the sulfides apparently exited the system; the only sulfate observed is rare brochantite. 

Strong CL zoning and high compositional variability within the same supergene dolomite 

crystal, and in different crystals within the same stratum, suggest a high rate and high degree of 

variation in geochemical conditions during this period (Appendix A). The variability is so great 

that an average composition is meaningless (Table 1). This variability also makes the data so 

noisy that only a few mineralogical features are consistent enough over distance to be called 

trends. One is the transition, with increasing depth, from heterogenite to carbonates in Co 

mineralogy and from malachite and chrysocolla to cuprite, chalcocite, and native Cu in the Cu 

mineralogy. The other is the slight residual enrichment in Co in surface soils, forming a “cobalt 

cap” atop the zone of supergene leaching (Decrée et al., 2010).  

 

CONDITIONS OF ALTERATION MINERAL FORMATION 

Intention and methodology 

The compositions and mineral assemblages detailed above reflect the conditions of the 

altering and ore-forming environment. The important conditions include intensive (P,T, fO2, fS2, 
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pH, [Fe], [Cu], [Co]) and extensive variables (ΣCu, ΣCo, ΣS, ΣCl, etc.). Of these, T, P, and pH 

can be constrained from existing geological, mineralogical, and fluid inclusion data, in the 

manner detailed below. Sulfur and oxygen fugacities during each stage of alteration were 

calculated based on the observed TFM mineralogy that each produced, combined with the phase 

equilibria in the Cu-Co-Fe-S-O system, calculated from thermodynamic data in Barton and 

Skinner (1979) and SUPCRT92 (Johnson et al., 1992). The response of [Fe], [Cu], and [Co] to 

changes in the other intensive variables can then be calculated, and the potential reaction 

pathways of alteration and mineralization inferred.  

All calculations assumed that the system attained at least local equilibrium during each 

alteration episode. At TFM, the prevalence of textures indicating partial replacement of one ore-

stage sulfide by another suggests that the minerals were not fully equilibrated. However, such 

replacement relationships are rarer among the later-stage, remobilized sulfides, so equilibrium 

during the remobilization stage may be a less perilous assumption.  

 

Theoretical approaches: constraining variables 

Pressure and temperature: 

Confining pressure (P) and temperature (T) reached a maximum in the Copperbelt during 

the Lufilian Orogeny, but even this was nowhere above amphibolite grade, and at TFM the 

highest metamorphic facies is sub-greenschist. During ore deposition prior to orogeny, the 

pressure and temperature were probably lower. Even the lithostatic load on the Mines Series 

from the overlying ~ 2 km of Kundelungu and Nguba Supergroup rocks (density = 2.5 g/cc) 



107 
 

would have been about 0.5 kbar. The calculations below, based on 500 bar, are reasonably 

applicable at higher pressures.  

The temperature of alteration in the Copperbelt is poorly constrained, but there are 

several lines of evidence available. One is sulfide mineralogy and textures: bornite-digenite and 

bornite-chalcopyrite intergrowths occur at TFM and represent T > 200 ˚C (Barton and Skinner, 

1979, esp. Figure 7-17). These textures, however, may have formed during Lufilian re-

equilibration (Annels et al., 1983). Kaolinite also occurs at TFM (Schuh et al., 2012) and this 

fixes maximum T at < 260 ˚C, assuming equilibrium. This temperature likely represents a 

Lufilian maximum temperature, probably greater than the ore-stage T. The presence of 

chalcedony and the general poor crystallinity of the quartz also suggests low temperature prior to 

the Lufilian.  

Fluid inclusions can also constrain the temperature of the altering fluids. No fluid 

inclusion data exist for TFM, but across the Copperbelt several studies have detected bimodal T 

and salinity values in fluid inclusions. The individual temperature ranges vary over the 

Copperbelt, but uniformly the data show a low-T, low-salinity set of fluid inclusions in quartz 

replacing anhydrite, and a hotter, saltier set in high-angle veins (e.g., Pirmolin, 1970; Dewaele et 

al., 2006; Greyling et al., 2005; El Desouky et al., 2009; Muchez et al., 2010). The studies 

nearest TFM are the analyses of Kamoto, Musonoi, and Luiswishi by Dewaele et al. (2006) and 

El Desouky et al. (2009). Both of them report that the cooler, fresher fluid has a salinity between 

11-20 wt% NaCl(eq.) and T = 50-200 ˚C; inclusions from the second set contain 35-45 wt% 

NaCl(eq.) and T ~ 300 ˚C.  
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pH:  

The fluid inclusion salinity data, combined with the stable K-Na mineralogy, can also 

constrain the pH range of alteration. At TFM, muscovite is common and feldspars and kaolinite 

are rare. Therefore, the muscovite-paragonite-kaolinite and muscovite-K-feldspar-albite invariant 

points bound the Na/H and K/H ratios at TFM. The [Na] obtained from El Desouky et al.’s 

(2009) fluid inclusions were converted to molality and then to activities; the activity coefficient 

was calculated from the Pitzer equation with parameters for NaCl as a single electrolyte at 25 ˚C 

from 0-6 M (Kim and Frederick, 1988). In conjunction with the Na/H ratios, this yielded 

minimum and maximum pH (Table 3). The lower-T, more dilute fluid was near neutral to 

slightly acidic; the hotter, saltier fluid was slightly more acid. The calculations below 

accordingly used the pH range 4-8.  

Use of the fluid inclusion data of El Desouky et al. (2009) from Kamoto and Luiswishi to 

calculate altering fluid pH at TFM is based on the assumption that the alteration fluid system in 

all three districts was similar. The likeness of TFM to Kamoto and Luiswishi in alteration 

mineralogy, petrography, paragenesis, and compositions suggests it is not a bad assumption. The 

mineralogy observed and the paragenesis interpreted by Dewaele et al. (2006) at Kamoto and 

Musonoi, and by El Desouky et al. (2009) at Kamoto and Luiswishi, is very close to the 

paragenetic sequence determined at TFM in the previous paper in this series (Appendix A), with 

multiple ore-related episodes involving dolomite, and silica precipitating between them. As at 

TFM, silica is partly chalcedonic and the quartz is poorly crystallized, corroborating the 

relatively low temperature range selected.  
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Conditions of alteration 

The fO2-fS2 and Eh-pH conditions of alteration are different for each alteration episode. 

This article takes the alteration stages in paragenetic order and discusses the conditions that each 

assemblage and composition imply, along with spatial variations in conditions indicated by 

mineralogical and compositional variation over distance.  

Pre-ore alteration 

There is no textural evidence to indicate the relative timing of anhydrite, framboidal 

pyrite, and the early carbonate. This precludes effective interpretation of any specific conditions 

of their formation. The most that can be accurately said is that they are most consistent with a 

restricted basinal environment, probably arid, where evaporation concentrated seawater above 

anhydrite saturation and where sulfate-reducing bacteria could live. The formation of anhydrite 

rather than halite may reflect a position on the fringes of the basin (Warren, 2006), or it could 

merely indicate that evaporative concentration of the salt water stopped short of halite saturation.  

Main ore stage 

The assemblages created during the main ore stage exhibit many mineralogical, 

compositional, and zoning characteristics useful for constraining the geochemical conditions of 

this paragenetic interval. The early main ore stage produced an assemblage of dolomite and 

cobaltoan pyrite in all the strata. The latter part of the main ore stage initially produced an 

assemblage of dolomite and carrollite in the RSC and both orebodies, along with minor carrollite 

occurrences in the SDS. The carrollite composition varies with stratigraphy: in the Lower 

Orebody the measured samples cluster around compositions slightly depleted in Cu compared to 
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stoichiometric CuCo2S4, but going up-section, compositions become more variable and, on 

average, more linnaeitic (Fig. 7). After the carrollite came Cu-Fe sulfides, still with dolomite. In 

the Lower Orebody the assemblage is dolomite and bornite, along with common bornite-digenite 

intergrowths and accessory chalcopyrite. In the Upper Orebody the assemblage is dolomite and 

chalcopyrite, with accessory bornite, either solitary or intergrown with the chalcopyrite or with 

digenite. The ore-stage dolomite has the same composition whether it occurs with the cobaltoan 

pyrite, the carrollite, or the Cu-Fe sulfides: on average it contains about 0.2 wt% Fe (Xank ~ 

0.003), more in the Orebody units and less in the RSC (Appendix A). Figure 8 shows the fO2-fS2 

phase relationships among the ore sulfides; figure 9 shows the same phase diagram, contoured 

for the activity of ankerite in dolomite. Both diagrams are for a system saturated in an Fe sulfide 

or oxide.  

The assemblages all reflect relatively reducing conditions, although the stratigraphic 

variation in carrollite and dolomite compositions and in Cu-Fe sulfide mineralogy reflects some 

differences in fO2 and fS2 among the Mines Series units. The linnaeite enrichment of TFM 

carrollites in the SDB and SDS probably reflects decreasing Cu activity with stratigraphic height, 

although Annels et al. (1983) suggest that an up-section decrease in sulfur fugacity and/or 

increase in linnaeite activity could also produce an upward trend toward linnaeite. The lower Fe 

content of the ore-stage dolomite in the RSC than in the orebodies probably reflects more 

oxidizing conditions in the RSC, with Fe in a higher valence there than in the orebodies. Lastly, 

the sulfide zonation from proximal bornite to distal pyrite is a classic sequence in sediment-

hosted copper deposits (Brown, 2014); Figure 8 shows that it could reflect desulfidation or 

reduction with increasing stratigraphic height, all else being equal. The dominance of bornite in 
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the Lower Orebody and of chalcopyrite in the Upper might represent different fO2-fS2 conditions 

reflecting variation in pH, total sulfur, or lithological makeup; alternatively, the Lower Orebody 

might have been undersaturated in Fe. Iron deficiency destabilizes chalcopyrite with respect to 

bornite.  

The textural evidence makes it clear that quartz was the next alteration mineral to form. 

Elemental and isotopic analyses do not include the quartz, so there are no compositional data on 

it; however, cathodoluminescence found no evidence for any variation or unusual composition. 

The stability field of quartz is quite broad and offers no useful constraints on the geochemical 

conditions during its precipitation. Additionally, quartz may not have been the silica mineral 

originally precipitated: at low T it is common for amorphous silica to precipitate first and ripen 

into quartz afterward (Dong et al., 1995; Rimstidt, 1997).  

Remobilization 

The next stage after quartz was remobilization, which produced dolomite veins. Where 

they lie near disseminated sulfides, the veins contain sulfides, typically similar in mineralogy to 

their disseminated counterparts; however, the veins contain far less pyrite than the stratabound 

ores. The dominant mineral is chalcopyrite, and bornite and carrollite are common. Bornite-

digenite and bornite-chalcopyrite intergrowths occur in the veins but are not as common as in the 

disseminated resource. There is no discernible zoning pattern in the vein sulfide mineralogy at 

the district scale of this study.  

In composition the vein sulfides are indistinguishable from the disseminated ones, but the 

remobilization dolomite contains about twice the Fe (average Xank ~ 0.006) of the ore-stage 
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dolomite, with slight Fe enrichment at grain edges. Its composition varies little over the district, 

and exhibits no correlation with stratigraphy.  

During this alteration stage, the Lufilian orogeny was going on, and most likely 

temperature and pressure were higher than they had been during the main ore stage. The increase 

of Fe in remobilization dolomite indicates either more reducing conditions or higher Fe activity 

as well. Otherwise, the similarities in mineralogy and composition of the vein and disseminated 

minerals indicate that fO2-fS2 conditions during remobilization were not dramatically different 

from the ore stage. The lack of zoning in the sulfide mineralogy over distance renders it 

impossible to trace spatial changes in the geochemical environment during remobilization.  

Supergene reworking 

Supergene circulation involved in-situ oxidation of sulfides at depth, and oxidation of 

sulfides, dissolution of dolomite, and movement of metals and carbonate near the surface (Fay 

and Barton, 2012). The metals originally in sulfide minerals re-precipitated as oxides and 

carbonates at the surface, and as native Cu and supergene sulfides at depth; the carbonate 

reprecipitated as a variably manganoan-ferroan-cobaltoan dolomite and as cobaltoan magnesite.  

The supergene mineralogy and the minerals’ compositions varied significantly over 

distance and time, so it is far from certain that an association of oxides and carbonates in the 

same place actually represent a coeval equilibrium assemblage. However, the minerals found at 

the shallowest levels - malachite, chrysocolla, heterogenite, goethite, and hematite – all reflect 

similar highly oxidizing conditions with moderate to high pH and carbonation (Fig. 10). 

Malachite requires pH > 7 and fairly high carbonation (Vink, 1986); heterogenite requires fO2 

near atmospheric (Chivot et al., 2008; Collins and Kinsela, 2010). The Eh-pH or fO2-pH stability 
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fields of chrysocolla, hematite, and goethite are wider than those of malachite and heterogenite 

and overlap them, so they cannot further constrain the conditions of the shallowest supergene 

environment.  

At greater depths cobaltoan dolomite and cobaltoan magnesite/magnesian spherocobaltite 

are present, along with cuprite, native Cu, and chalcocite. These minerals may not be truly 

coeval, but still provide some insight in to the conditions of their formation. Constraints on pH 

come from the cobalt-bearing carbonates; there are no thermodynamic data on cobaltoan 

dolomite, but spherocobaltite is not stable below pH = 7.5 even at atmospheric fCO2, but it can 

exist over a very wide Eh range (Rose, 1989). Native Cu requires relatively low Eh (Fig. 10). 

Chalcocite and cuprite, however, are stable even at Eh conditions little less than atmospheric 

(Sato, 1992).   

The supergene dolomite varies too much in composition to provide any firm constraints 

on the conditions in any one place; the differences in composition between bands in even a single 

crystal are too great to constrain conditions over any one time interval. The compositional 

variability may have been produced by changes in the composition of the supergene fluids as 

they dissolved local hypogene minerals. For example, the high-Fe or high-Co zones within 

crystals could represent periods when the altering fluid had been enriched in Fe by the 

dissolution of pyrite, bornite, or chalcopyrite, or in Co by the dissolution of carrollite. Rapid 

fluctuations in fO2, pH, or fCO2 could also have affected the composition of the supergene 

dolomite, but are less likely: the TFM rocks probably have more buffering capacity with respect 

to those variables than for aFe or aCo.  
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Summary and checking against other work 

The phase equilibria and compositions discussed above are compatible with what is 

known about the general environment of sediment-hosted ore deposition (e.g., Sverjensky, 1987, 

1989). A more specific numerical check was performed by comparing the Cu-Co-Fe sulfide 

equilibria at Fe saturation and 300 ˚C to those calculated by Annels et al. (1983). The fS2 ranges 

were consistent.  

 

MASS BALANCE CONSTRAINTS 

The purpose of interpreting geochemical conditions of alteration mineral formation is to 

evaluate the processes that created them. Mass balance estimates, though necessarily crude, can 

further this goal.  

Later overprints have rendered it difficult to estimate the volume of any generation of 

hypogene alteration. The least unreliable estimate is probably the volume of quartz, which is less 

soluble than dolomite and therefore less likely to have lost significant volume during later 

alteration. The RSC is the most siliceous unit in the Mines Series, having about 50-60 volume% 

quartz. Petrographic examination shows that the vast majority of this quartz is secondary, and 

nearly all of it belongs to the post-ore quartz episode. The thickness of the RSC varies between 

20-25 m on average; assuming 20 m thickness of 50% secondary quartz, a single square 

kilometer of the RSC contains at least 0.01 km3 (107 m3, 2.7*1010 kg) of silica. Silica solubility 

at 150 ˚C is about 600 ppm, or 0.06% (Siever, 1962). Complete extraction efficiency thus 

requires about 1667 kg of SiO2-saturated water to produce 1 kg of quartz. Some 45 km3 of fluid 

would have had to pass through each square kilometer of the RSC to silicify it, if the silica is 
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metasomatic. It may have ripened from an earlier-deposited chalcedony, as discussed below; in 

that case, it was introduced prior to the main ore stage and its volume is irrelevant to ore-stage 

and post-ore alteration.  

 

ALTERING AND ORE-FORMING PROCESSES 

Intention 

This section evaluates the processes that could have produced the minerals observed 

under the conditions interpreted above. The organization follows the paragenesis in Figure 3 and 

the previous section on conditions of formation. For each alteration episode, the relevant mineral 

assemblage, mineral compositions, and zoning patterns will be recapitulated as applicable. These 

form the basis for interpreting the reaction pathway or pathways, and from the reaction pathway 

it is possible to interpret the alteration process.  

Each potential process must answer several criteria. It must drive precipitation along the 

pathway represented by the mineralogical and compositional zoning observed in the relevant 

alteration stage. It must account for the volume of minerals created. It must be applicable to other 

stratiform deposits in the Central African Copperbelt. Lastly, it must be geologically reasonable 

based on what is known about the sediment-hosted environment.   

 

Pre-ore alteration 

The lack of constraints on the exact timing of anhydrite, early carbonate, and framboidal 

pyrite preclude any specific discussion of the processes of their formation. As discussed above, 

all of them indicate a sabkha-like environment, such as a restricted marine basin in an arid 
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climate, where bacterial sulfate reduction produced framboidal pyrite and progressive 

evaporation of saltwater produced anhydrite. The one feature that permits analysis of process is 

the range of δ34S values in the framboidal pyrite. Most framboids are very light in sulfur; the 

values of +20 to +30 ‰ CDT, found in this study, demand some explanation. The usual 

explanation is closed-system bacterial sulfate reduction (BSR), in which reduction rate exceeded 

the rate of sulfate replenishment and the bacteria eventually began to reduce the last and heaviest 

dregs of sulfate (e.g., Muchez et al., 2008). However, disequilibrium processes can also cause 

anomalous sulfur isotope values, as can post-depositional isotope exchange (Ohmoto and Rye, 

1979), so the scattered and high-reaching δ34S values of TFM framboids should not be 

considered diagnostic of closed-system BSR.   

 

Main ore stage 

The main ore stage at TFM produced first carrollite and then Cu-Fe sulfides, generated a 

zoning pattern from proximal bornite-chalcocite to distal chalcopyrite-pyrite, and all the while 

precipitated dolomite with an ankerite mole fraction averaging 0.003.  

The reaction pathways (A-G) that can produce the Cu-Fe sulfide zonation are shown in 

Figure 11. Of these, A, B, and C can be eliminated, as they increase Cu and/or Co solubility and 

thus could not cause precipitation. Pathway E is geologically unrealistic: total S is not likely to 

decrease when an oxidized brine passes from an S-poor fenestral dolomite to a black pyritic 

shale. Table 4 summarizes the viability of the pathways in Figure 11 according to these criteria.  

At first glance it looks as if carrollite would precipitate after the Cu-Fe sulfides rather 

than before them on most of the pathways, the opposite order of the TFM paragenesis. However, 
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this assumes Fe is saturated; if Fe is undersaturated, carrollite stabilizes over a wider fO2-fS2 

range and the stabilities of bornite and chalcopyrite diminish. Figure 12 shows a case of Fe-

undersaturation in which the bornite and chalcopyrite stability fields have shrunk inside the 

carrollite stability field. The saturation state of Fe in the Mines Series during the main ore stage 

is not known – though Fe-rich phases are scarce or absent at TFM except for apparently 

nonreactive framboidal pyrite – so pathways E-G cannot be ruled out on the basis of paragenesis. 

The remaining pathways represent reduction and sulfidation, which are both concomitants with 

several potential ore-precipitating processes.  

Processes 

Metal precipitation can be represented by equations such as: 

(1) CH4 + 5Cu+ + Fe2+ + 4SO4
2- = Cu5FeS4 + H2CO3 + H2O + 11/2O2   

(2) 5CuCl3
2- + FeCl2 + 3H2S + HS- + 11H+ + 1/4O2 = Cu5FeS4 + 17H+ + 17Cl- + 1/2H2O 

 

The species involved in reactions 1 and 2 show that changes in several factors could drive 

precipitation. Each of these will now be evaluated.  

Neutralization causes precipitation. A slightly acidic, metal-bearing brine percolating 

upward through a carbonate-rich layer and progressively increasing in pH would precipitate first 

chalcocite, then bornite, then chalcopyrite, then pyrite, exactly as seen at TFM (Reed and 

Palandri, 2006). There is abundant carbonate in both orebodies, so at first glance neutralization 

appears to be a valid trapping mechanism for TFM ores. However, the RSC contains more 

carbonate than the orebody units, and the ore fluid flowed through the RSC (Appendix A); if 

neutralization alone trapped the metals, they would have precipitated into the RSC, not the more 
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acidic shales. For that reason, though neutralization could have contributed to mineralization, it 

cannot have been the principal ore-forming process.  

Dilution is also a possible contributor. Where Cu and Co are imported as chloride 

complexes, reducing Cl concentration lowers their solubility by an amount proportional to the 

ratio of metal to chloride, and may cause precipitation (e.g., Rose, 1989). Even at salinities of 1-3 

M, Cu speciates as tri- or tetra-chlorides (Rose, 1976); thus, a 10x dilution reduces Cu solubility 

by 1000x to 10000x and could effectively trap it. Dilution is less effective at precipitating Co, 

which speciates as hydrated single-chloride complexes up to 3 M and as hydrated dichloride 

thereafter (Liu et al., 2011). Depending on the original salinity, therefore, the same reduction in 

ΣCl in a fluid would lower Cu solubility by 3-4 log units and Co solubility by about 0.5 log units. 

Dilution could therefore be an effective trap for Cu, but not for Co; moreover, dilution would 

also act on whatever sulfur was being carried in the fluid, so unless the sulfide were provided 

from another source, dilution is not a likely trapping mechanism.   

Cooling is another well-known precipitation agent for various metal deposits, but at TFM 

it is unlikely to have been important in metal deposition for several reasons. The T-dependence 

of metal solubilities is relatively small, and to lower Cu and Co solubilities by 1-2 log units 

between the RSC and the orebodies would require that a thermal gradient of 150˚ C be 

maintained between them for the duration of the main ore stage. Fluids advect heat faster than 

aqueous components, and the orebodies are thin; thus it is not probable that any significant 

thermal gradient could be maintained for very long. Cooling may have played a minor role in ore 

deposition, but it was probably not a significant trap.  
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Metals may also precipitate from a fluid where it encounters sulfide (pathway G, Fig. 11), 

as either pyrite or aqueous sulfide. Regarding the former, the only pyrites that precipitated before 

the ore stage are the framboids and their cobaltoan overgrowths. These coexist in apparent 

harmony with the ore-stage sulfides; bornite and carrollite may overgrow or include them, but 

there is no sign of replacement. Furthermore, the ore-stage sulfides are consistently higher in 34S 

than all but the heaviest framboids. Had the Cu-Co and Cu-Fe sulfides replaced the framboids, 

they would have inherited the framboids’ sulfur isotopic compositions.   

Mixture of the mineralizing fluid with aqueous sulfide is another way to induce 

precipitation, and it produces the sulfidation and reduction path that yields the observed sulfide 

zoning sequence. The restriction of sulfides to the orebody units suggests that any trapping, 

sulfide-bearing fluid must have arisen within the Mines Series rather than having entered the 

rocks from without. The RSC was the fluid conduit up through the ore stage, so an alien fluid 

would probably have flowed through it rather than through the shale-dominated orebody units. 

The RSC would then be the main ore host. It is not, so the possibility of extraneous fluid entry is 

doubtful if not disproven. But it is probable that the ore trap was a sulfide-bearing fluid in the 

orebodies. The RSC is mineralized only in its rare shale intercalations, where sulfide is likeliest 

to concentrate. Sulfide addition explains the fact of precipitation, the zoning in the ore sulfides, 

and the ore occurrence; it is geologically plausible given the situation. The question of ore 

trapping mechanisms in the Copperbelt is far from settled, but sulfide addition is the most likely 

possibility proposed to date.  

There are only a few constraints on the nature and origins of the sulfide fluid. The 

isotopic evidence precludes both a magmatic source and full reduction of sulfate, but also 
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indicates that at least some of it came from sulfate reduction. The ore-stage dolomite includes 

light C, reflecting a contribution from oxidation of organic matter. Oxidation of organic carbon is 

one half of a redox couple whose other side is sulfate reduction, bacterial or thermochemical, and 

is thought to be a common feature in sediment-hosted deposit formation (e.g., Eugster, 1989). 

Which process produced TFM ore sulfides is unclear, for the δ34S of the original sulfate source 

remains unknown; however, the isotopic signatures of the ore sulfides suggest a combination of 

bacterial and thermochemical reduction. Sulfides produced by bacterial sulfate reduction (BSR) 

are 20-40 ‰ CDT lighter than their source sulfate; sulfides produced by thermochemical sulfate 

reduction (TSR) are 10-20 ‰ CDT heavier (Ohmoto and Rye, 1979; Machel, 1985; Ohmoto and 

Goldhaber, 1997). Among many geologists today, bacterially reduced seawater sulfate is a 

favorite candidate for ore sulfides in the Copperbelt (e.g., Sweeney and Binda, 1994; Muchez et 

al., 2008; Porada and Druschel, 2010). At TFM, the framboidal pyrite and the light C isotopic 

composition of ore-stage dolomite are permissive evidence that BSR occurred (Sweeney and 

Kaplan, 1973). However, the framboidal pyrite predates the ore and, as discussed above, the 

textural evidence is that the framboids were not a sulfide source for most of the ore. The 

question, then, is whether BSR also produced an aqueous sulfide that trapped the ores. If this had 

happened, the ore sulfides should either be uniformly light in δ34S (open system), or should have 

the same range from very light to very heavy δ34S (closed system) as the framboids. As observed 

above, neither is the case. No sampled TFM ore sulfide had δ34S < -10 ‰ CDT. The majority of 

ores have δ34S near zero or above. This could be compatible with BSR heavily overprinted by 

TSR; but, just as BSR alone cannot explain the heaviest ore sulfide δ34S, TSR alone cannot 
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explain the lightest ones. This is similar to the interpretation, by Hoy and Ohmoto (1989) of a 2-

stage sulfate reduction process at Kamoto  

To sum up, the distribution of ore-stage sulfides suggests that aqueous sulfide, generated 

in situ, was probably the principal ore trap at TFM. The derivation of the sulfide is not entirely 

certain, although C isotopes indicate that sulfate reduction occurred in the orebodies; framboidal 

pyrite indicates that at least the pre-ore sulfides came from bacterial reduction; this makes it 

possible that BSR also produced the aqueous sulfide; and the δ34S of the ore sulfides indicate that 

if this was the case, there was also a contribution or an overprint from sulfide reduced 

thermochemically.  

 

Limiting reactants   

In systems where sulfur limits the amount of ore minerals that can form, the end of 

sulfide precipitation either produces nonsulfide ores like arsenides, silicates, carbonates, and 

oxides, or mineralization ceases. Any leftover metal ions in solution would probably have 

cannibalized existing framboidal pyrite for sulfur if sulfur from other sources were exhausted, 

assuming pyrite became unstable. The resulting sulfides would have inherited the δ34S signature 

of the framboidal pyrites. Inasmuch as TFM’s only hypogene ore minerals are sulfides, intact 

framboids coexist with the ore sulfides, and the framboids and the ore sulfides have distinctly 

different δ34S ranges, it does not seem likely that sulfur was the limiting ingredient in 

mineralization. It is more likely that mineralization was limited by quantity of metals or of 

reduced carbon.  



122 
 

The nature of the limiting ingredient may also bear on ore distribution. Some écailles at 

TFM are barren, and others are mineralized; this could be a result of hydrological 

compartmentalization (Appendix A), but it is also possible that what are now the barren écailles 

at TFM lacked reduced carbon. Sulfate reduction could not then occur, and the mineralizing fluid 

might then pass through the strata without leaving a trace of mineralization. This hypothesis has 

not been tested.  

 

Quartz 

Dolomite and ore precipitated during the main ore stage; at an unknown time afterward, 

some of the dolomite dissolved and quartz took its place. This may have been part of the same 

alteration episode and involved the same fluids, with quartz precipitating and dolomite 

dissolving shortly after ore and dolomite had precipitated. If this were the case, though, quartz 

precipitation must have been independent of the reactions involving ore precipitation, for quartz 

occurs in the barren écailles where the ore does not. The quartz precipitation and dolomite 

dissolution could also have been an early part of the remobilization stage.  

The mechanism for quartz precipitation eludes characterization, and the source of the 

silica is unknown. Trace pre-ore chalcedony occurs as inclusions in the quartz, and may 

represent a once-voluminous generation of amorphous silica, the rest of which ripened into 

quartz sometime after the main ore stage. This ripening would not, by itself, dissolve dolomite, 

so some dissolving process would have had to accompany it. It is also possible that the pre-ore 

chalcedony was volumetrically minor and genetically unrelated to the quartz, the quartz being 

metasomatic. Neither possibility offers timing constraints. Pre-ore chalcedony could ripen into 
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quartz at any point in the paragenesis, allowing a little lead time after the main ore stage for 

dolomite to dissolve. Metasomatic quartz could have precipitated during the main ore stage, 

provided that the reactions governing its formation were not contingent on ore precipitation; it 

could also have formed out of a fluid that entered the Mines Series long afterward.  

Increase in ionic strength in solution, following dolomite dissolution, might have caused 

quartz precipitation (Greenberg and Price, 1957). The pH increase accompanying dolomite 

dissolution would have little effect, as quartz solubility is independent of pH except for at pH > 9 

or pH < 2 (Alexander et al. 1954). Cooling is possible, but its effectiveness depends on the 

magnitude of the thermal gradient. This would be problematic for quartz associated with the 

main ore stage, as discussed above, but still cannot be dismissed. Precipitation induced by 

cooling is also possible for quartz associated with remobilization, which probably involved 

higher temperatures than the main ore stage of alteration. Pressure solution and reprecipitation of 

existing silica is another plausible option.  

 

Remobilization stage 

The remobilization stage first dissolved a little of the dolomite and ore in the stratiform 

resource, then reprecipitated them in veins. The geochemical conditions under which this 

precipitation occurred are scarcely distinguishable from the conditions of the main ore stage. 

However, many processes could produce such conditions, so the mechanism of precipitation is 

not necessarily the same as the one responsible for sulfide precipitation in the main ore stage. 

Moreover, there are some important differences between main-stage and remobilization-stage 

minerals: the lack of a post-sulfide quartz, the comparative lack of pyrite and of observed 
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mineralogical zoning in the sulfides, and the occurrence of sulfides in and near veins rather than 

disseminated through the strata. Fluid inclusion data from veins at Kamoto and Luiswishi, as 

elsewhere in the Copperbelt, also imply fluids saltier (35-45% NaCl eq.) and hotter (almost 300 

˚C) than in the main ore stage, but these may or may not be applicable at TFM (Greyling et al., 

2005; El Desouky et al., 2009).  

Dissolving the sulfides and dolomite out of the wall rock requires a fluid capable of 

dissolving them. This could be done efficiently by an oxidizing fluid; heat, acidity, and salinity 

alone would probably not destabilize sulfides enough to dissolve them. The source of the fluid 

and its dissolved components is unknown, although a popular interpretation in the rest of the 

Copperbelt is that the fluid acquired its salinity by dissolving what evaporites were left (e.g. 

Cluzel, 1986; Heijlen et al., 2008). Dissolving anhydrite and adding its sulfate to a reduced fluid 

would oxidize the fluid (Sverjensky, 1987). There is no evidence at TFM on the effects or 

plausibility of evaporite dissolution.  

However it picked up the sulfides and dolomite, the fluid could be induced to 

reprecipitate them in the veins by cooling, neutralization, sulfide addition, and/or dilution. It is 

difficult to evaluate these possibilities, since there are no mineralogical zoning and paragenetic 

criteria, and the C, O, and S isotopic signatures of the vein dolomites and sulfides are the same 

those of their disseminated counterparts and are not diagnostic of any process. There is no 

evidence at TFM to evaluate the possibilities of neutralization or dilution. Cooling is plausible, 

since the Lufilian orogeny likely involved higher temperatures than the main ore stage. Sulfide 

addition could simply represent the thermochemical reduction of more sulfate, either a fresh 
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aliquot imported with the fluid or a leftover remaining in the rock from an earlier stage of 

alteration.  

 

Supergene stage 

The supergene fluid systems were highly localized and individual rather than a single 

unified system (Appendix A), but in general they represent oxidation. Oxidation state depends on 

depth below the surface and on the location of the water table; those, along with pH, appear to 

have been the main controlling factors (Fig. 10). The compositions and the compositional 

variations of individual minerals also show that local availability of dissolved components 

exerted considerable influence on what minerals formed where.  

 

DISCUSSION OF PROCESSES AND PLACES 

Previous work from other locations in the Copperbelt 

The application of phase equilibria to sediment-hosted ore deposits proved highly 

profitable to the scientific understanding of White Pine (White, 1971), the Kupferschiefer 

(Jowett, 1986; Kucha and Pawlikowski, 1986), and the Midcontinent MVTs (e.g., Garven et al., 

1999), as well as to the sediment-hosted system in general (e.g., Helgeson et al., 1969; Rose, 

1976, 1989; Sverjensky, 1984, 1987; Metcalfe et al., 1994; Haynes and Bloom, 1987). 

Nonetheless, phase equilibria have been only sparingly applied to the Copperbelt. Rose (1976, 

1989) included the Zambian deposits among the systems whose metal endowments he sought to 

explain in his study of the low-T geochemistry of base metal chloride complexes. Annels et al. 

(1983) constrained the redox conditions of ore formation at Chambishi from phase equilibria and 
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carrollite compositions. Theirs was the only such study specific to a Copperbelt deposit. Since 

then no one has studied phase equilibria among Copperbelt minerals, and there has been only one 

effort to simulate the geochemical conditions of ore formation in the Copperbelt specifically 

(Muchez and Corbella, 2012). Their model did not, however, include carrollite.  

As discussed above, the results of this study are compatible with the conditions of 

formation determined by Annels et al. (1983). Rose (1976, 1989) found chloride complexes most 

effective at transporting Cu and Co in the Copperbelt system; this result is compatible with the 

situation assumed as a starting point in this study, though it is not particularly useful in 

determining the specific causes of ore precipitation.  

 

Comparison with other sediment-hosted Cu systems 

The ore-forming system at TFM is similar in its general outlines to many well-

constrained sediment-hosted Cu deposits. Evaporites and metal importation by an oxidized 

chloride brine are almost ubiquitous features of genetic interpretations in red bed-associated 

deposits (e.g., Sverjensky, 1989; Rose, 1989; Metcalfe et al., 1994); metal precipitation from the 

brine at a reduced sulfur trap is common to Dzhezkazgan (Lur’ye, 1986), the Kupferschiefer 

(Oszczepalski, 1999; Wedepohl and Rentzsch, 2006), Spar Lake (Hayes et al., 2012), and others 

(Metcalfe et al., 1994; Hitzman et al., 2005). More specifically, the Copperbelt has several 

paragenetic features in common with other sediment-hosted Cu systems. Framboidal pyrite is 

well known from the Kupferschiefer (e.g., Jowett, 1986); a pre-ore cobaltoan pyrite is found in 

the Kupferschiefer and at Spar Lake (Hayes and Einaudi, 1986; Oszczepalski, 1999). Local 

metamorphic post-ore remobilization or stratiform mineralization into veins is attested at Udokan 
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and Dzezhkazgan (Chukrov, 1971), Spar Lake (Hayes and Balla, 1986), and the Kupferschiefer 

(Oszczepalski, 1999), not to mention the multitude of examples from non-Cu base metal deposits 

such as Broken Hill (Barnes, 1987).  

There are also instructive differences between the Copperbelt and other sediment-hosted 

Cu systems, especially regarding the processes contributing to ore deposition and the sources of 

sulfides in the ore. In the Kupferschiefer, Dzhezkazgan, and Udokan, bacterial sulfate reduction 

and oxidation of organic matter are fairly well established (Chukrov, 1971; Kucha, 1990): the 

δ34S values are consistently quite light, in contrast to the wide scatter of Copperbelt sulfur 

isotope data and the resulting disputes over sulfide origin. In the Kupferschiefer, Dzhezkazgan, 

and Udokan, it also appears that the ore sulfides replaced framboidal pyrite directly (Chukrov, 

1971; Oszczepalski, 1999), rather than precipitating with sulfide from some aqueous phase, as 

appears to be the case in the Copperbelt. The Kupferschiefer is clearly an Fe-saturated system; 

either pyrite or hematite occurs throughout (Jowett, 1986). Although both minerals are found at 

TFM, they are by no means ubiquitous. This difference may be crucial in explaining the different 

metal ratios of the Kupferschiefer and the Copperbelt. Iron undersaturation suppresses the 

activity of Cu, preventing it from precipitating and allowing Co minerals to form instead, if Co is 

present in the fluid. In the Fe-saturated Kupferschiefer system, Co minerals occur in only trace 

quantities (Jung and Knitzschke, 1976), probably because the activity of Cu was too high for 

much Co to precipitate.  
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Relevant factors for future work 

The majority of geochemical studies in sediment-hosted deposits assume that the system 

was saturated in the stable Fe phase (e.g., Annels et al., 1983; Jowett, 1986; Lur’ye, 1986; 

Muchez and Corbella, 2012). This assumption is reasonable in systems like the Kupferschiefer, 

where any given rock contains either hematite or pyrite. It is highly questionable in the 

Copperbelt. Annels et al. (1983) explicitly pointed out the perils of assuming magnetite 

saturation in their phase equilibrium study, and as discussed above and portrayed in Figures 11-

12, Fe undersaturation significantly alters the solubility behavior of Cu and Co and the stabilities 

and phase relationships of Cu and Co minerals. Future geochemical work in the Copperbelt must 

take into account the possibility, perhaps even the likelihood, that the ore-forming system was 

undersaturated in Fe.  

 

CONCLUSIONS 

The compositions, isotopes, and phase equilibria of minerals created during each stage of 

the paragenesis at TFM shed light on the conditions present during each successive stage in the 

alteration sequence and on the processes of alteration and ore formation. The earliest post-

depositional event was the precipitation of framboidal pyrite, anhydrite, and an early carbonate, 

by bacterial reduction of sulfate and evaporative concentration of seawater. All these were 

overgrown or partly to completely replaced by minerals from the main ore stage. This 

precipitated dolomite throughout the host Mines Series, and in the orebodies the dolomite was 

accompanied first by cobaltoan pyrite and afterward by digenite, bornite, chalcopyrite, carrollite, 

and pyrite. Both orebody units above and below the fluid-channeling algal dolomite exhibit 
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sulfide zonation from proximal bornite and digenite to distal chalcopyrite and pyrite. This is a 

classic redox zoning pattern in sediment-hosted Cu deposits; at TFM it is present, but 

overwhelmed by the noticeable preponderance of bornite in the Lower Orebody and of 

chalcopyrite in the Upper. Its symmetry around the central algal dolomite aquifer unit suggests 

that the mineralizing brine deposited metals at a sulfide trap, probably aqueous HS- or H2S, since 

the ore sulfide δ34S range differs from that of the pre-ore pyrite and most likely reflects a 

combination of bacterial and thermochemical sulfate reduction. Metal or carbon, rather than 

sulfur, was probably the limiting reactant during precipitation. Mineralization was followed by a 

quartz of uncertain timing and origin; it could be metasomatic or could have ripened from a pre-

ore chalcedony. Probably long after the quartz formed, the Lufilian orogeny remobilized a small 

amount of the ore and dolomite into veins. These veins have no mineralogical zoning nor 

significant compositional differences from the disseminated sulfides and dolomite; however, it is 

not possible to constrain the processes of precipitation from the available data. Lastly, supergene 

reworking redistributed oxide and carbonate ores and native Cu near the surface. The 

compositions, mineralogy, and locations of supergene ore were controlled by pH, fO2, and local 

fluid composition.  

The overall geochemical evolution of the TFM district is similar to the situations inferred 

in ore-forming environments in other sediment-hosted deposits such as the Kupferschiefer. 

Metamorphic remobilizations and ages aside, TFM is distinct from those deposits in two major 

ways, which may explain the contrasting metal endowments. In all those deposits, metals 

precipitated at a sulfide trap; at the Kupferschiefer the trap was pre-ore pyrite, whereas at TFM it 

appears more likely to have been an aqueous sulfide phase. Secondly and perhaps more 
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importantly, the Kupferschiefer was almost certainly Fe-saturated. The evidence presented here 

is that TFM was not. Iron undersaturation drastically alters the solubility of Cu and phase 

relations of Cu-Co and Cu-Fe sulfides. It may have been responsible for making TFM a Cu-Co 

rather than a Cu district, by  suppressing the activity of Cu in solution and thus facilitating early 

Co precipitation. The possibility of Fe undersaturation must be considered in future geochemical 

studies of the Central African Copperbelt.  
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FIGURE CAPTIONS 
 

Figure B.1. Map of the Central African Copperbelt, modified from Cailteux et al. (2005).  

Figure B.2. Map of the southeastern part of the Tenke-Fungurume concession, showing the 

disposition and stratigraphy of Mines Series écailles around the Dipeta syncline. The 

names of écailles examined in this study are highlighted in red.   

Figure B.3. Paragenetic sequence of events at TFM after deposition. See text for discussion.  

Figure B.4. Schematic of the stratigraphic distribution of some secondary minerals at TFM. 

Qtz = quartz, dol = dolomite, cpy = chalcopyrite, bn = bornite, cc = chalcocite, carr = 



142 
 

carrollite, Co-py = cobaltoan pyrite, py = euhedral pyrite. Framboidal pyrite is not 

included. See text for abbreviations of stratigraphic units.  

Figure B.5. Stratigraphic distribution of sulfide mineral δ34S at TFM. Fram py = framboidal 

pyrite, euh py = euhedral pyrite, carr = carrollite, bn = bornite, cpy = chalcopyrite, cc = 

chalcocite.  

Figure B.6. The δ13C - δ18O of TFM dolomites, by stratigraphy and stage (ore = ore-stage, 

remob. = remobilization-stage, sgne. = supergene).   

Figure B.7. Stratigraphic distribution of carrollite %Cu and Xlinnaeite at TFM. Cu values are in 

non-normalized wt%.  

Figure B.8. Phase equilibria among TFM minerals at 100 ˚C, pH = 4.5, and Fe, Cu, and Co 

saturation. A: The Fe-S-O (solid lines) and Cu-Fe-S-O (long dashed lines) systems; py = 

pyrite, po = pyrrhotite, mt = magnetite, hem = hematite; Cu = native Cu, cc = chalcocite, 

bn = bornite, cpy = chalcopyrite, cupr = cuprite, ten = tenorite, cov = covellite. B: The Fe-

S-O, Cu-Fe-S-O, and Co-S-O (short dashed lines) systems; Co = cobalt, Co-pn = cobalt 

pentlandite (Co9S8), Co-sp = cobalt spinel (Co3O4), lin = linnaeite (Co3S4), cat = cattierite 

(CoS2). C: The Fe-S-O, Cu-Fe-S-O, and Co-S-O systems with carrollite (carr) stability 

(shaded) superimposed. D: The Fe-S-O, Cu-Fe-S-O, Co-S-O, and carrollite systems with 

additional lines showing the division of oxidized from reduced carbon and of oxidized 

from reduced sulfur for ΣS = 0.0001.  

Figure B.9. The Cu-Fe-S-O (red lines) and carrollite (blue lines) stability diagram from Fig. 8, 

contoured for log(aAnkerite) (dashed lines).   
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Figure B.10. Eh-pH or Pourbaix diagram showing the stabilities Cu (solid lines) and Co 

(dashed lines) phases in the supergene environment. Modified from Garrels (1960) and 

Collins and Kinsela (2010). Het = heterogenite, sphc = spherocobaltite, cc = chalcocite, 

cov = covellite, Cu = native Cu, cupr = cuprite, mal = malachite.  

Figure B.11. Potential reaction pathways (arrows A-G) for precipitation during the main ore 

stage, using the Cu-Fe-S-O-carrollite phase relationships from Fig. 8, showing log(ΣS) 

contours, bulk S composition, and the solubility of Cu (top) and Co (bottom) at the 

relevant conditions. A: Pathways, log(ΣS), and [Cu+ + Cu2+] solubility at Fe saturation. B: 

Pathways and Cu solubility with Fe saturated only where Fe mineral solubility is less than 

a fixed maximum log(aFe) of -10. C: Pathways, log(ΣS), and Co solubility at Fe saturation. 

D: Pathways and Co2+ solubility with Fe saturated only where Fe mineral solubility is less 

than a fixed maximum log(aFe) of -10. 

Figure B.12. Example of the changes in Cu-Co-Fe-S-O phase relations with Fe undersaturated 

where no Fe phase has solubility < 10-15 and no Cu phase has solubility < 10-12. The 

bornite and chalcopyrite fields have moved to lower log(fO2) than carrollite and chalcocite, 

which precipitate first along the reduction pathway shown. Solid lines are the Co-Cu-S-O 

system; long dashed lines are the Cu-Fe-S-O system; short dashes are the lines dividing 

Cu- and Fe- undersaturated fields from stable minerals. Compare with Figure 8. Cov = 

covellite, bn = bornite, cpy = chalcopyrite, cc = chalcocite, Cu = native Cu, ten = tenorite; 

Co-pn = cobalt pentlandite, Co-sp = cobalt spinel, carr = carrollite, cat = cattierite, py = 

pyrite.  
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TABLE CAPTIONS 
 

Table B.1. Compositions of TFM minerals. Analyses were performed on a Cameca SX100 

electron probe microanalyzer. For dolomites, oxide values are based on and calculated 

from 3σ elemental detection limits: Ca 250 ppm; Mn 349 ppm; Fe 348 ppm; Co 134 ppm; 

Ni 100 ppm; Zn 74 ppm; and Sr 78 ppm.  

Table B.2. Stable isotope signatures of TFM alteration minerals. For C and O, standard 

deviations are in parentheses. These values are plotted in Figures 5-6.  

Table B.3. Calculated pH for plausible T ranges of the ore stage (top) and remobilization 

stage (bottom) based on the salinities in fluid inclusions studied by El Desouky et al. 

(2009).  

Table B.4. Summary of changes in sulfur and oxygen fugacities, Cu-Co solubilities, and ΣS 

over any of the reaction pathways portrayed in Figure 11, along with evaluations of the 

geological plausibility of each. See text for discussion.  
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FIGURES 
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Figure B.2: 
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Figure B.3: 
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Figure B.4: 
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Figure B.5: 
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Figure B.6: 
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Figure B.7: 
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Figure B.8: 
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Figure B.9: 
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Figure B.11: 
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Figure B.12: 
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TABLES 

Table B.1: 
 
# Fm sample description S Co Fe Cu As Ni Se   Total 
1 SDB coarse vein cpy 34.322 0.01 29.899 34.294 0 0.006 0   98.531 
2 SDB bn rim on coarse vein cpy 25.304 0 9.27 64.479 0 0.01 0.006   99.068 
3 SDB bn grain included in vein 25.189 0.004 8.209 63.909 0 0 0   97.311 
4 SDB overgrowth on bn grain in vein 22.416 0 0.962 75.084 0 0 0   98.462 
5 SDB coarse vein cpy 34.324 0.007 29.889 34.335 0 0.002 0.001   98.557 
6 SDB bn crosscutting coarse vein cpy 26.559 0.001 11.403 61.91 0.012 0.006 0.004   99.896 
7 SDB coarse vein carr 40.275 36.202 1.384 21.339 0.037 0.016 0.004   99.259 
8 SDB coarse vein carr 41.059 39.106 0.332 19.07 0.049 0.014 0.003   99.633 
9 SDB framboidal pyrite 52.272 0.091 44.659 0.087 0.15 0.008 0.001   97.268 
10 SDB framboidal pyrite 52.544 0.312 44.97 0.236 0.026 0.025 0   98.112 
11 SDB overgrowth on framboidal pyrite 52.627 2.844 42.902 0.047 0 0.003 0.005   98.429 
12 SDB overgrowth on framboidal pyrite 52.696 0.398 45.402 0.822 0 0.004 0   99.321 
13 SDB coarse cpy in vein 35.06 0.007 30.395 34.68 0.009 0 0   100.151 
14 SDB bn rim on coarse cpy in vein 26.214 0.095 11.074 61.733 0 0.002 0.001   99.118 
15 SDB bn rim on coarse cpy in vein 26.225 0.102 10.406 62.432 0 0 0.005   99.169 
16 SDB coarse carr in irregular vein 40.998 39.844 0.143 18.52 0.02 0 0   99.526 
17 SDB center of framboidal pyrite 

included in carr 
52.313 0.735 44.498 0.435 0.022 0.01 0.001   98.015 

18 SDB rim on framboidal pyrite included 
in carr 

52.192 5.612 39.134 1.32 0.001 0.01 0.013   98.282 

19 SDB center of framboidal pyrite in 
groundmass 

52.393 0.108 45.019 0.085 0.026 0.021 0.002   97.653 

20 SDB rim on framboidal pyrite included 
in groundmass 

53.217 3.504 42.573 0.066 0 0.022 0.011   99.392 

21 SDB fine disseminated bornite 26.076 0.002 9.612 61.812 0 0.005 0.003   97.509 
22 SDB coarse cpy in vein 35.219 0.012 30.384 34.259 0.001 0.001 0   99.876 
23 RSF coarse disseminated carr 41.029 38.66 0.211 19.712 0.012 0.035 0.003   99.662 
24 RSF cc partly replacing carr 21.049 0.045 0 78.566 0 0 0.011   99.671 
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25 RSF coarse disseminated carr 41.188 38.854 0.151 19.566 0.012 0.01 0.018   99.798 
26 RSF cc partly replacing carr 21.109 4.585 0.001 76.182 0 0 0.004   101.88 
27 RSF cc partly replacing carr 21.647 0.454 0.022 76.063 0.01 0.004 0.014   98.214 
28 DStrat euhedral disseminated pyrite 53.4 0.142 46.317 0.035 0 0.023 0.007   99.923 
29 DStrat euhedral disseminated pyrite 53.433 0.155 46.25 0.018 0 0.024 0   99.881 
30 DStrat euhedral disseminated pyrite 53.492 0.067 46.343 0.021 0 0.012 0   99.935 
31 DStrat euhedral disseminated pyrite 53.343 0.059 46.041 0.021 0.004 0.011 0.009   99.489 
32 DStrat euhedral disseminated pyrite 51.908 0.307 44.147 0.008 0.009 0.02 0.005   96.403 
33 DStrat framboidal pyrite 53.417 0.018 46.016 0.026 0 0 0.005   99.482 
34 DStrat framboidal pyrite 53.245 0.042 45.723 0.028 0 0.002 0.005   99.045 
35 DStrat framboidal pyrite 49.453 0.294 44.611 0.022 0 0.014 0   94.394 
36 DStrat framboidal pyrite 53.427 0.043 45.877 0.035 0.005 0.012 0.002   99.401 
37 DStrat framboidal pyrite 53.461 0.374 45.293 0.052 0.014 0 0   99.193 
38 SDB cpy 35.092 0 30.342 34.117 0 0 0   99.551 
39 SDB cpy included in discordant vein 35.053 0.005 30.168 34.301 0.014 0 0.005   99.547 
40 SDB fine disseminated bn 25.808 0.008 9.145 61.21 0.005 0.004 0   96.179 
41 SDB fine disseminated cpy 34.541 0 29.37 33.998 0 0 0   97.909 
42 SDB carr in dolomite lens 41.266 38.549 0.054 19.766 0.035 0.105 0.003   99.775 
43 SDB carr in dolomite lens 41.301 38.39 0.101 19.869 0.016 0.102 0.001   99.781 
44 SDB bn from bn-dig around carr in 

lens 
25.698 0.235 9.73 62.764 0 0.005 0   98.432 

45 SDB digenite replacing? bn around carr 
in lens 

22.614 0.042 0.837 75.691 0 0 0.012   99.195 

46 SDB framboidal pyrite 52.854 0.003 45.882 0.044 0.008 0.004 0.014   98.809 
47 SDB overgrowth on framboidal pyrite 53.382 0.184 45.559 0.051 0.02 0.078 0.007   99.28 
48 SDB framboidal pyrite 52.916 0.024 46.042 0.046 0.013 0 0.002   99.043 
49 SDB euhedral disseminated pyrite 53.397 0.067 46.06 0.05 0 0.107 0.005   99.686 
50 DStrat py overgrown by vein cpy 53.121 6.069 40.433 0.319 0.001 0.03 0.007   99.98 
51 DStrat cpy in discordant vein 35.021 0 30.278 34.239 0 0.004 0.003   99.544 
52 DStrat cpy in discordant vein 34.96 0.012 30.364 34.121 0.003 0.009 0.002   99.47 
53 DStrat center of disseminated euhedral 

pyrite 
54.021 0.034 45.573 0.247 0 0.029 0   99.905 
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54 DStrat disseminated cpy mass 34.944 0.006 29.963 33.872 0.008 0 0   98.795 
55 DStrat vein cpy including py 34.956 0 30.188 34.082 0 0 0   99.226 
56 DStrat center of py grain included in 

vein cpy 
53.306 0.01 45.633 0.764 0.004 0 0   99.717 

57 DStrat rim of py grain included in vein 
cpy 

52.786 0.038 45.325 1.43 0.006 0 0.008   99.593 

58 SDB carr in dolomite lamination 41.296 39.424 0.889 17.136 0.038 0.639 0   99.422 
59 SDB cpy in dolomite lamination 34.878 0.002 30.379 34.255 0 0.001 0   99.516 
60 SDB euhedral pyrite in dolomite 

lamination 
53.452 0.03 46.147 0.016 0 0.013 0.007   99.665 

61 SDB center of euhedral pyrite grain 53.516 0.02 45.028 0.036 0 0 0.003   98.603 
62 SDB euhedral pyrite in dolomite 

lamination 
53.378 0.002 46.168 0 0 0 0   99.548 

63 SDB framboidal pyrite mass 53.634 0.058 46.084 0.026 0.001 0.005 0   99.808 
64 SDB euhedral pyrite in dolomite 

lamination 
53.496 0.016 46.182 0.023 0 0.044 0.008   99.77 

65 SDB cpy overgrowing euhedral pyrite 
in dolomite lamination 

34.833 0.006 30.339 34.165 0 0.001 0.001   99.345 

66 SDB disseminated euhedral py 53.58 0 45.922 0.017 0.026 0.011 0   99.555 
67 SDB coarse carr with framboidal pyrite 

inclusions 
41.221 40.767 0.331 16.585 0.057 0.61 0   99.57 

68 SDB cpy crosscutting coarse carr 34.989 1.371 29.586 34.028 0 0.021 0.005   100 
69 SDS euhedral disseminated pyrite 53.574 0.037 46.109 0.051 0.005 0.025 0   99.8 
70 SDS coarse cpy at edge of jack vein 34.911 0.049 30.142 34.415 0 0 0.013   99.53 
71 SDS cc partly replacing coarse cpy at 

edge of jack vein 
21.259 0.497 1.352 77.299 0 0 0   100.407 

72 DStrat coarse carr with dolomite 
surrounding nodule 

41.195 37.994 0.319 20.111 0 0.072 0   99.692 

73 DStrat coarse carr with dolomite 
surrounding nodule 

41.288 37.829 0.299 20.094 0.004 0.087 0   99.601 

74 DStrat coarse carr with dolomite 
surrounding nodule 

41.271 37.916 0.341 20.197 0.007 0.089 0   99.821 

75 DStrat carr in discordant vein 41.286 37.97 0.137 20.126 0.008 0.08 0   99.607 
76 DStrat carr in discordant vein 41.179 37.934 0.33 20.144 0.004 0.088 0   99.679 
77 DStrat coarse disseminated carr 41.289 37.731 0.395 20.16 0 0.087 0.016   99.677 
78 SDS coarse carr in irregular vein 41.46 37.419 1.28 19.639 0.059 0.07 0   99.927 
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79 SDS coarse carr in irregular vein 41.334 38.067 0.446 19.828 0.058 0.098 0   99.83 
80 SDS carr at edge of nodule 41.17 39.642 0.457 18.326 0.023 0.051 0.018   99.689 
81 SDS coarse carr in irregular vein 41.403 37.425 1.243 19.871 0.097 0.131 0   100.17 
82 SDS coarse carr in irregular vein 41.364 38.571 0.217 19.318 0.071 0.076 0   99.617 
83 SDS carr at edge of irregular vein 41.367 39.666 0.362 18.518 0.046 0.041 0.007   100.007 
84 SDS coarse carr in discordant vein 41.066 36.884 0.938 20.535 0.033 0.155 0.006   99.616 
85 SDS coarse carr in irregular vein 41.365 38.235 0.924 19.419 0.032 0.067 0.005   100.046 
86 SDS coarse carr with dolomite 

surrounding nodule 
41.312 38.013 0.179 20.156 0 0.1 0   99.76 

87 SDS coarse carr with dolomite 
surrounding nodule 

41.123 37.829 0.302 20.116 0.006 0.106 0   99.482 

88 SDS coarse carr with dolomite 
surrounding nodule 

41.086 37.745 0.311 20.115 0.005 0.107 0.002   99.37 

89 SDS coarse carr with dolomite 
surrounding nodule 

41.092 37.861 0.14 19.982 0.002 0.088 0   99.164 

90 SDS carr in dolomite lamination near 
nodule 

41.056 37.86 0.153 20.113 0 0.085 0.009   99.276 

91 RSF carr in sulfide lamination 41.379 38.124 0.235 20.213 0.09 0.123 0   100.164 
92 RSF carr in sulfide lamination 41.362 38.028 0.234 20.276 0.015 0.11 0.005   100.03 
93 RSF carr in sulfide lamination 41.306 38.007 0.225 20.211 0.145 0.086 0.01   99.99 
94 SDS carr clast in breccia 41.321 39.816 0.609 17.433 0.057 0.331 0.012   99.579 
95 SDS carr clast in breccia 41.332 39.99 0.699 17.278 0.046 0.318 0   99.664 
96 SDS carr clast in breccia 41.311 39.927 0.44 17.766 0.066 0.366 0.004   99.879 
97 SDS carr clast in breccia 41.286 39.679 0.442 17.72 0.057 0.373 0   99.556 
98 SDS carr clast in breccia 41.334 42.563 0.218 15.285 0.073 0.111 0.004   99.589 
99 RSC coarse disseminated carr 41.477 38.48 1.067 18.946 0.001 0.073 0.001   100.045 
100 RSC coarse disseminated carr 41.379 38.53 0.862 19.019 0.016 0.069 0   99.874 
101 DStrat carr rim around nodule 41.352 38.029 0.411 20.05 0.046 0.115 0   100.002 
102 DStrat carr rim around nodule 41.233 38.044 0.349 20.122 0.053 0.09 0   99.892 
103 DStrat carr rim around nodule 41.418 38.079 0.338 20.108 0.108 0.104 0   100.156 
104 DStrat coarse disseminated carr 41.436 38.062 0.339 19.936 0.077 0.096 0   99.947 
105 DStrat carr rim around nodule 41.35 37.999 0.383 19.97 0.117 0.09 0.006   99.916 
106 DStrat coarse disseminated carr 41.393 38.216 0.255 19.866 0.093 0.073 0.004   99.899 
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107 RSF coarse carr in discordant vein 41.364 38.001 0.54 19.949 0.035 0.136 0   100.024 
108 RSF fine groundmass carr 41.146 38.95 0.114 19.32 0.137 0.049 0   99.717 
109 RSF carr in discordant vein 41.443 38.548 0.306 19.794 0.052 0.092 0   100.235 
110 RSF carr in discordant vein 41.342 38.028 0.492 19.777 0.083 0.162 0   99.885 
111 RSF carr in spill from discordant vein 41.252 38.68 0.132 19.517 0.222 0.081 0.004   99.889 
112 RSF coarse carr in discordant vein 41.404 38.065 0.331 20.065 0.074 0.127 0.01   100.076 
113 RSF fine groundmass carr 41.449 38.319 0.216 19.788 0.151 0.18 0.003   100.106 
114 RSF coarse carr in discordant vein 41.435 38.045 0.395 20.127 0.017 0.155 0.007   100.181 
115 RSF fine groundmass carr 41.347 38.224 0.314 19.948 0.056 0.115 0.005   100.009 
116 RSC coarse euhedral carr 41.326 37.353 0.926 20.2 0.004 0.032 0   99.84 
117 RSC coarse euhedral carr 41.3 37.592 0.792 20.213 0.008 0.038 0   99.944 
118 RSC coarse euhedral carr 41.38 37.556 0.347 20.123 0 0.114 0   99.52 
119 RSC coarse euhedral carr 41.373 37.819 0.431 20.354 0.002 0.081 0   100.059 
120 RSC coarse euhedral carr 41.321 37.782 0.45 20.131 0.011 0.099 0   99.794 
121 CMN carr 41.566 32.253 0.456 13.308 0 12.438 0.003   100.025 
122 CMN carr 41.623 32.258 0.203 13.377 0.002 12.462 0   99.924 
123 CMN carr 41.478 32.667 0.1 13.565 0.001 12.181 0   99.991 
124 CMN carr 41.503 32.418 0.274 13.598 0.009 12.344 0.001   100.147 
125 CMN carr 41.518 32.351 0.288 13.237 0.001 12.644 0.005   100.046 
126 CMN carr 41.602 32.364 0.236 13.225 0 12.521 0   99.948 
127 CMN carr 41.343 35.19 0.815 16.903 0 5.798 0   100.049 
128 CMN carr 41.41 34.875 0.851 16.847 0 5.859 0.007   99.849 
129 CMN carr 41.472 35.111 0.778 16.795 0.001 5.867 0   100.023 
130 CMN carr 41.44 34.894 0.702 16.888 0.003 6.022 0.004   99.952 
131 CMN carr 41.189 35.39 0.45 16.866 0.012 5.944 0   99.852 
132 CMN carr 41.49 35.062 0.681 16.835 0 6.063 0.002   100.134 
133 CMN carr 41.454 34.117 0.199 14.653 0.009 9.512 0   99.945 
134 CMN carr 41.462 34.072 0.202 14.528 0 9.696 0.01   99.971 
135 CMN carr 41.382 34.065 0.214 15.131 0 9.062 0   99.854 
136 CMN carr 41.443 34.127 0.266 15.404 0.011 8.865 0   100.115 
137 CMN carr 41.584 33.894 0.34 15.009 0.003 9.423 0   100.252 
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138 RSC carr 41.614 33.657 0.286 14.204 0.057 10.073 0   99.89 
139 RSC carr 41.654 33.898 0.306 14.147 0.019 10.234 0   100.259 
140 RSC carr 41.604 33.892 0.217 14.083 0.017 10.256 0.014   100.084 
141 RSC carr 41.581 33.827 0.145 14.15 0.003 10.23 0   99.936 
142 RSC carr 41.566 34.014 0.131 14.121 0.008 10.299 0   100.139 
143 RSC carr 41.596 33.999 0.294 14.112 0.045 10.213 0.007   100.267 
144 RSC euhedral disseminated pyrite 53.372 12.152 34.73 0.194 0.098 0.028 0   100.575 
145 RSC euhedral disseminated pyrite 53.191 11.634 35.283 0.046 0.058 0.037 0.013   100.263 
146 RSC euhedral disseminated pyrite 53.245 6.844 40.249 0.264 0.067 0.021 0.007   100.697 
147 RSF bn from bn-cpy intergrowth in 

discordant vein 
25.797 0.004 9.926 62.427 0 0.002 0   98.156 

148 SDS cpy 34.486 0 29.91 34.306 0 0 0   98.703 
             
   FeO MnO CoO NiO ZnO MgO CaO SrO CO2 Total 
149 RSF supergene magnesite-

spherocobaltite 
0.229 0.267 36.077 0 0.063 19.852 0.936 0.006 43.944 101.374 

150 RSF supergene magnesite-
spherocobaltite 

0.215 0.2 34.402 0 0.086 20.597 0.838 0.008 43.66 100.006 

151 RSF supergene magnesite-
spherocobaltite 

0.268 0.044 19.604 0.025 0.001 32.456 0.118 0 47.254 99.77 

152 RSF supergene magnesite-
spherocobaltite 

0.243 0.035 21.949 0.024 0.011 30.884 0.138 0.004 46.916 100.205 

153 RSF supergene magnesite-
spherocobaltite 

0.126 0.038 21.122 0.028 0 31.4 0.121 0.001 46.907 99.745 

154 RSF supergene magnesite-
spherocobaltite 

1.111 0.161 12.583 0.055 0.012 39.11 0.068 0 50.969 104.068 

155 RSF supergene magnesite-
spherocobaltite 

0.813 0.146 23.378 0.038 0.09 29.655 0.403 0.003 47.09 101.615 

156 DStrat ore-stage dolomite 0.222 0.12 0.007 0 0.009 20.587 30.121 0.012 46.344 97.422 
157 DStrat ore-stage dolomite 0.167 0.11 0 0 0 21.891 30.369 0 47.907 100.444 
158 DStrat ore-stage dolomite 0.157 0.055 0.029 0.026 0.042 21.656 30.649 0.021 47.896 100.532 
159 DStrat ore-stage dolomite 0.152 0.031 0.006 0.004 0.03 21.9 30.493 0.017 47.986 100.618 
160 DStrat ore-stage dolomite 0.127 0.049 0.012 0.009 0.06 20.643 29.471 0.014 45.829 96.214 
161 DStrat supergene dolomite 0.02 0 0.03 0.017 0.024 21.533 30.857 0.02 47.79 100.29 



163 
 

162 SDB ore-stage dolomite 0.044 0.043 0 0 0.006 22.821 31.79 0.007 49.928 104.64 
163 SDB ore-stage dolomite 0.087 0.032 0 0 0.005 21.378 30.473 0.005 47.336 99.316 
164 SDB ore-stage dolomite 0.083 0.055 0.022 0.028 0.044 22.254 31.256 0.024 48.979 102.746 
165 SDB remobilization dolomite 0.272 0.081 0 0 0 22.088 30.876 0.002 48.568 101.887 
166 SDS ore-stage dolomite 0.608 0.137 0 0 0.058 21.151 30.235 0.021 47.322 99.533 
167 SDS remobilization dolomite 0.748 0.177 0.001 0 0.03 21.263 30.119 0.009 47.443 99.79 
168 SDS remobilization dolomite 0.822 0.155 0 0.001 0 21.211 29.449 0.01 46.877 98.524 
169 SDS supergene dolomite 0.125 0.146 0.547 0.004 0 21.069 29.993 0.052 47.057 98.992 
170 SDS supergene dolomite 0.929 0.805 4.339 0.016 0.022 18.122 29.256 0.06 46.412 99.96 
171 SDS supergene dolomite 0.76 0.184 0.334 0 0.002 21.041 29.387 0 46.815 98.523 
172 SDS supergene dolomite 0.077 0.039 0.087 0 0 21.889 29.896 0.019 47.495 99.502 
173 SDS supergene dolomite 0 0.038 0.234 0.003 0 21.73 30.116 0 47.525 99.646 
174 SDS supergene dolomite 0.661 0.155 0.547 0.003 0 20.962 29.004 0.896 46.861 99.09 
175 RSC ore-stage dolomite 0.183 0.035 0.001 0.002 0.018 21.964 30.574 0.007 48.126 100.909 
176 RSC ore-stage dolomite 0.096 0.037 0 0.004 0.001 21.485 30.157 0.015 47.219 99.014 
177 RSC ore-stage dolomite 0.074 0.029 0.008 0 0 21.839 30.604 0.001 47.932 100.486 
178 RSC ore-stage dolomite 0.252 0.056 0 0.007 0 21.203 29.526 0 46.518 97.564 
179 RSC ore-stage dolomite 0.054 0.024 0 0.008 0.008 21.741 30.66 0.017 47.866 100.378 
180 RSC remobilization dolomite 0.456 0.18 0 0 0.042 21.403 30.01 0.012 47.342 99.446 
181 RSC remobilization dolomite 0.499 0.219 0 0.004 0.059 21.756 30.942 0.022 48.525 102.026 
182 RSC supergene dolomite 0 0.077 1.744 0 0.025 20.935 29.796 0 47.33 99.907 
183 RSC supergene dolomite 0.001 0.064 11.411 0.002 0.018 14.388 29.3 0.01 45.463 100.657 
184 RSF ore-stage dolomite 0.272 0.131 0.004 0 0.028 22.432 30.732 0.023 48.889 102.511 
185 RSF ore-stage dolomite 0.201 0.121 0 0.005 0.068 22.242 31.181 0.037 49.012 102.868 
186 RSF ore-stage dolomite 0.266 0.096 0 0 0 21.819 30.533 0.012 48.015 100.741 
187 RSF ore-stage dolomite 0.26 0.105 0.004 0 0.034 22.08 30.74 0.019 48.488 101.731 
188 RSF remobilization dolomite 0.644 0.181 0.941 0.036 0.05 21.417 30.523 0.03 48.462 102.285 
189 RSF remobilization dolomite 0.216 0.112 0.711 0.014 0 21.537 30.309 0.021 47.939 100.858 
190 RSF supergene dolomite 0.055 0.216 0.03 0.002 0.024 22.4 30.3 0.006 48.441 101.475 
191 RSF supergene dolomite 0.265 0.074 0.004 0 0 22.146 30.411 0.016 48.266 101.183 
192 RSC remobilization dolomite 0.57 0.267 0 0 0.038 21.468 30.506 0.016 47.925 100.79 
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193 RSC remobilization dolomite 0.625 0.266 0.006 0.001 0.071 21.59 30.402 0.034 48.039 101.033 
194 RSC remobilization dolomite 0.214 0.06 0 0 0 21.976 30.642 0.004 48.215 101.112 
195 RSC ore-stage dolomite 0.108 0.069 0 0 0 22.305 30.71 0.002 48.566 101.759 
196 RSC ore-stage dolomite 0.037 0.045 0 0 0 21.981 30.845 0.008 48.263 101.179 
197 RSC ore-stage dolomite 0.072 0.05 0 0 0.014 22.008 30.786 0.024 48.285 101.238 
198 RSC ore-stage dolomite 0.314 0.093 0 0 0 21.876 30.437 0.04 48.042 100.803 
199 RSC remobilization dolomite 0.125 0.048 0 0.001 0.028 22.262 30.815 0.015 48.621 101.914 
200 RSC remobilization dolomite 0.628 0.125 0.002 0.002 0.016 21.45 30.354 0.017 47.725 100.32 
201 RSC remobilization dolomite 0.519 0.088 0 0 0 21.864 30.582 0.019 48.255 101.326 
202 RSC remobilization dolomite 0.236 0.042 0.003 0.001 0.021 21.62 29.961 0 47.305 99.188 
203 RSC ore-stage dolomite 0.205 0.085 0 0.003 0.098 21.822 30.846 0.034 48.283 101.376 
204 RSC ore-stage dolomite 0.315 0.103 0 0.003 0.075 21.771 30.89 0.035 48.329 101.522 
205 RSC ore-stage dolomite 0.198 0.078 0 0 0 21.831 30.338 0.01 47.821 100.276 
206 RSC ore-stage dolomite 0.243 0.081 0 0 0.009 21.577 30.474 0.019 47.688 100.09 
207 RSC remobilization dolomite 0.384 0.04 0.007 0 0.012 21.772 30.279 0 47.806 100.299 
208 RSC supergene dolomite 0.63 0.157 0 0.002 0.084 21.613 30.27 0.042 47.903 100.701 
209 RSC ore-stage dolomite 0.3 0.213 0.002 0 0.096 21.363 30.047 0.042 47.295 99.357 
210 RSC ore-stage dolomite 0.37 0.246 0 0 0.004 21.564 29.969 0.026 47.459 99.638 
211 RSC ore-stage dolomite 0.067 0.059 0 0.001 0 21.956 30.717 0 48.16 100.96 
212 RSC ore-stage dolomite 0.183 0.034 0 0 0 22.077 30.662 0.001 48.304 101.262 
213 RSC ore-stage dolomite 0.108 0.051 0.005 0.002 0 21.938 30.696 0.005 48.15 100.957 
214 RSC remobilization dolomite 0.679 0.159 0 0 0.022 21.418 29.893 0.031 47.387 99.588 
215 RSC supergene dolomite 0.064 0.085 0.033 0.003 0.004 21.821 30.34 0.021 47.763 100.134 
216 RSC supergene dolomite 0.044 0.281 0.016 0.005 0 22.035 30.549 0.02 48.257 101.207 
217 RSC supergene dolomite 0.075 0.072 0.047 0 0 22.207 30.502 0.04 48.323 101.267 
218 DStrat ore-stage dolomite 0.102 0.052 0.004 0 0.044 21.659 30.809 0.011 47.955 100.636 
219 DStrat ore-stage dolomite 0.105 0.037 0.013 0.004 0.048 22.01 30.945 0.028 48.455 101.646 
220 DStrat remobilization dolomite 0.143 0.043 0 0.005 0.043 21.88 30.631 0.018 48.079 100.843 
221 DStrat remobilization dolomite 0.24 0.066 0 0.006 0.049 21.755 30.729 0.014 48.095 100.953 
222 DStrat remobilization dolomite 0.265 0.038 0.007 0.001 0.065 21.661 30.809 0.015 48.064 100.925 
223 DStrat supergene dolomite 0.332 0.055 0 0 0 21.413 31.009 0.001 47.956 100.767 
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224 DStrat supergene dolomite 2.474 0.899 0 0.014 0.046 19.752 30.016 0.018 47.238 100.457 
225 DStrat supergene dolomite 1.92 0.372 0 0 0 19.126 29.777 0.001 45.661 96.857 
226 DStrat supergene dolomite 3.388 0.714 0 0 0 19.312 29.914 0.015 47.089 100.433 
227 RSF remobilization dolomite 0.121 0.047 0.002 0 0 22.066 30.645 0.005 48.253 101.14 
228 RSF remobilization dolomite 0.078 0.069 0 0 0.02 21.815 30.618 0.008 47.954 100.562 
229 RSF supergene dolomite 0.669 0.466 1.778 0 0 20.224 29.872 0.004 47.272 100.284 
230 RSF ore-stage dolomite 0.072 0.038 0.007 0.003 0 21.737 30.6 0 47.824 100.282 
231 RSF ore-stage dolomite 0.057 0.055 0.013 0 0 21.993 30.579 0.01 48.093 100.799 
232 RSF ore-stage dolomite 0.082 0.068 0.009 0 0 22.068 30.415 0 48.064 100.706 
233 RSF remobilization dolomite 0.046 0.013 0 0 0 21.987 30.668 0.004 48.116 100.835 
234 RSF remobilization dolomite 0.029 0.025 0 0.001 0.002 21.994 30.636 0.012 48.099 100.798 
235 RSF supergene magnesite-

spherocobaltite 
0.207 0.242 36.052 0 0.07 19.721 0.915 0 43.742 100.949 

236 RSF supergene magnesite-
spherocobaltite 

0.455 0.074 24.839 0.06 0.008 27.17 0.135 0 44.727 97.468 

237 RSF supergene magnesite-
spherocobaltite 

0.212 0.047 23.323 0.031 0.009 30.943 0.101 0 47.748 102.414 

238 RSF supergene magnesite-
spherocobaltite 

0.298 0.204 39.607 0.005 0.018 16.655 0.852 0.002 42.441 100.083 

239 SDS ore-stage dolomite 0.088 0.029 0.004 0 0 21.957 30.579 0.013 48.054 100.723 
240 SDS ore-stage dolomite 0.143 0.04 0.001 0 0 22.041 30.923 0.013 48.454 101.614 
241 SDS ore-stage dolomite 0.113 0.039 0.001 0.004 0.006 21.973 30.76 0.002 48.235 101.133 
242 SDS remobilization dolomite 0.577 0.116 0.01 0.007 0.092 21.609 30.512 0.023 48.037 100.984 
243 SDS remobilization dolomite 0.627 0.126 0 0.001 0.095 21.486 30.19 0.036 47.684 100.245 
244 SDS ore-stage dolomite 0.302 0.086 0 0.005 0.077 22.033 31.223 0.033 48.859 102.618 
245 SDS ore-stage dolomite 0.144 0.046 0.002 0.003 0.024 22.215 30.708 0.017 48.497 101.657 
246 SDS ore-stage dolomite 0.12 0.033 0 0.002 0 22.223 30.692 0.007 48.452 101.529 
247 SDS ore-stage dolomite 0.139 0.047 0 0.007 0.047 22.182 30.696 0.021 48.465 101.605 
248 SDS ore-stage dolomite 0.222 0.045 0 0.002 0.047 22.098 31.082 0.02 48.722 102.238 
249 SDS remobilization dolomite 0.67 0.243 0 0.002 0.016 21.569 30.854 0.008 48.34 101.701 
250 SDS remobilization dolomite 0.144 0.044 0 0 0.031 22.175 30.705 0.007 48.446 101.553 
251 SDS remobilization dolomite 0.315 0.114 0 0.001 0.008 21.562 30.252 0.003 47.556 99.811 
252 SDB ore-stage dolomite 0.068 0.016 0.006 0.005 0.004 22.045 30.776 0 48.286 101.207 
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253 SDB ore-stage dolomite 0.045 0.031 0 0 0 22.339 31.601 0 49.24 103.255 
254 SDB remobilization dolomite 0.232 0.058 0 0 0 22.257 31.058 0 48.855 102.46 
255 SDB magnesite-spherocobaltite 1.66 0.098 53.091 0.632 0.012 5.14 0.547 0.006 38.683 99.869 
256 SDB magnesite-spherocobaltite 0.406 0.217 43.718 0.016 0 14.025 0.288 0.007 41.615 100.293 
257 SDB ore-stage dolomite 0.186 0.033 0.019 0.014 0.036 22.115 31.201 0.013 48.813 102.43 
258 SDB remobilization dolomite 0.137 0.033 0 0 0 22.525 30.889 0 48.942 102.526 
259 SDB remobilization dolomite 0.644 0.196 0 0 0.01 22.204 31.025 0.004 49.117 103.199 
260 SDB remobilization dolomite 0.195 0.095 0.002 0 0 22.402 31.351 0.001 49.246 103.292 
261 SDB supergene dolomite 0 0 5.582 0 0 18.485 29.647 0.014 46.736 100.465 
262 SDB supergene dolomite 0.115 0.047 5.545 0 0 19.46 29.717 0 47.927 102.812 
263 SDB ore-stage dolomite 0.402 0.117 0.006 0.004 0 21.911 30.58 0.01 48.253 101.282 
264 SDB ore-stage dolomite 0.462 0.136 0 0 0 21.648 30.232 0.012 47.737 100.227 
265 SDB ore-stage dolomite 0.501 0.104 0.003 0 0 21.96 30.472 0.027 48.278 101.346 
266 SDB remobilization dolomite 0.521 0.115 0.006 0.003 0 21.972 30.289 0.018 48.167 101.09 
267 SDB supergene dolomite 0.446 0.128 0 0 0 21.84 30.228 0.015 47.93 100.586 
268 SDB supergene dolomite 1.08 0.024 0 0.016 0 21.335 31.013 0 48.321 101.788 
269 SDB supergene dolomite 0.355 0.429 0 0 0 21.931 30.599 0.015 48.452 101.782 
270 SDB remobilization dolomite 0.528 0.101 0.004 0 0.009 21.82 30.836 0.01 48.424 101.733 
271 SDB remobilization dolomite 0.457 0.121 0.002 0 0.066 21.873 30.824 0.032 48.48 101.854 
272 SDB ore-stage dolomite 0.136 0.108 0.002 0 0.014 22.32 30.683 0.024 48.621 101.909 
273 SDB ore-stage dolomite 0.337 0.103 0.001 0 0.017 21.773 30.526 0.017 48.02 100.795 
274 SDB ore-stage dolomite 0.417 0.101 0 0 0 21.86 30.628 0.015 48.231 101.252 
275 SDB remobilization dolomite 0.427 0.09 0.003 0 0.038 21.661 30.525 0.029 47.96 100.733 
276 SDB remobilization dolomite 0.487 0.089 0 0 0.005 21.464 30.318 0.02 47.596 99.978 
277 SDB supergene dolomite 1.228 0.193 0.003 0 0.022 21.322 30.379 0.028 48.022 101.198 
278 SDB supergene dolomite 0.154 0.158 0 0 0 21.931 30.677 0.028 48.227 101.175 
279 SDB supergene dolomite 1.394 0.148 0.003 0 0 21.342 30.038 0.034 47.84 100.799 
280 SDB ore-stage dolomite 0.21 0.064 0 0 0.003 21.472 30.294 0.012 47.396 99.451 
281 SDB remobilization dolomite 0.425 0.119 0.018 0.014 0.029 21.824 30.32 0.03 48.007 100.785 
282 SDB remobilization dolomite 0.706 0.109 0.031 0.034 0.062 21.567 30.883 0.034 48.374 101.801 
283 SDB remobilization dolomite 0.642 0.139 0 0 0.012 21.265 29.902 0.031 47.187 99.178 
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284 SDB remobilization dolomite 0.741 0.149 0.008 0 0.045 20.546 29.865 0.024 46.458 97.836 
285 SDB ore-stage dolomite 0.595 0.109 0 0 0 21.295 30.239 0.003 47.418 99.66 
286 SDB ore-stage dolomite 0.587 0.133 0.024 0.021 0.043 20.559 30.684 0.026 47.034 99.112 
287 SDB ore-stage dolomite 0.366 0.076 0 0 0.001 21.496 31.148 0.009 48.193 101.289 
288 SDB remobilization dolomite 0.633 0.165 0.018 0.014 0.052 21.002 30.995 0.024 47.805 100.707 
289 SDB remobilization dolomite 0.646 0.135 0 0 0 19.057 29.777 0 44.656 94.27 
290 RSC ore-stage dolomite 0.349 0.107 0.004 0.002 0 46.932 0.016 0 51.544 98.954 
291 RSC ore-stage dolomite 0.189 0.036 0 0 0.035 48.724 0.02 0.015 53.383 102.401 
292 RSC remobilization dolomite 0.168 0.052 0 0 0.022 48.433 0.015 0.01 53.049 101.748 
293 RSC remobilization dolomite 0.139 0.096 0.002 0 0 48.066 0.042 0 52.664 101.009 
294 RSC remobilization dolomite 0.365 0.046 0.003 0.002 0 48.181 0.008 0.003 52.873 101.48 
295 RSC supergene dolomite 0.213 0.068 0 0 0 22.089 31.119 0.083 48.751 102.323 
296 RSC supergene dolomite 0.84 0.19 0.012 0 0.033 19.236 28.914 0.08 44.389 93.696 
297 RSC supergene dolomite 0.9 0.15 0.004 0.004 0.037 21.78 30.746 0.036 48.596 102.253 
298 RSC supergene dolomite 1.228 0.23 0.015 0.013 0.058 21.519 30.368 0.04 48.29 101.762 
299 RSC supergene dolomite 0.354 0.151 0.021 0.017 0.065 21.681 30.799 0.048 48.235 101.373 
300 RSC supergene dolomite 0.395 0.202 0.004 0 0.017 21.237 31.475 0.019 48.278 101.627 
301 RSF ore-stage dolomite 0.24 0.055 0.002 0 0 21.736 30.167 0.001 47.592 99.793 
302 RSF ore-stage dolomite 0.42 0.161 0.003 0.002 0.007 21.578 30.401 0.013 47.79 100.376 
303 RSF ore-stage dolomite 0.646 0.163 0.006 0.005 0 21.448 30.368 0.026 47.768 100.431 
304 RSF ore-stage dolomite 0.599 0.191 0 0.01 0.002 21.021 29.077 0.02 46.274 97.194 
305 RSF ore-stage dolomite 0.494 0.135 0 0.009 0.013 21.519 30.315 0.017 47.693 100.193 
306 RSF ore-stage dolomite 0.236 0.093 0.002 0.002 0 21.835 30.848 0.008 48.26 101.284 
307 RSF ore-stage dolomite 0.392 0.162 0.004 0.002 0.048 21.499 30.353 0.014 47.672 100.146 
308 RSF ore-stage dolomite 0.559 0.097 0.016 0.007 0.022 21.521 30.714 0.027 48.043 101.007 
309 RSF ore-stage dolomite 0.639 0.128 0.008 0 0.06 21.583 30.194 0.037 47.787 100.435 
310 RSF remobilization dolomite 0.642 0.17 0.007 0 0 21.37 30.708 0.018 47.945 100.859 
311 RSF remobilization dolomite 0.624 0.192 0.017 0 0.056 21.354 30.43 0.032 47.754 100.459 
312 RSF remobilization dolomite 0.211 0.082 0.004 0.006 0.052 21.89 30.536 0.025 48.091 100.896 
313 RSF remobilization dolomite 0.539 0.152 0.005 0 0.038 21.543 30.588 0.026 47.988 100.878 
314 RSF remobilization dolomite 0.52 0.155 0.021 0 0.028 21.69 30.168 0.013 47.807 100.402 
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315 RSF remobilization dolomite 0.459 0.13 0 0.01 0.037 21.838 29.985 0.038 47.783 100.281 
316 RSF remobilization dolomite 0.17 0.042 0.001 0 0.003 20.941 29.439 0.007 46.106 96.709 
317 RSC ore-stage dolomite 0.211 0.076 0 0 0.1 22.076 30.556 0.036 48.331 101.385 
318 RSC ore-stage dolomite 0.121 0.057 0 0 0.104 21.766 30.547 0.031 47.919 100.545 
319 RSC remobilization dolomite 0.705 0.27 0 0.004 0.013 21.532 29.935 0.011 47.618 100.089 
320 RSC remobilization dolomite 0.685 0.183 0.003 0 0.013 21.434 30.036 0.026 47.529 99.909 
321 RSC remobilization dolomite 2.141 0.264 0 0 0 20.352 29.561 0.023 46.908 99.248 
322 RSC remobilization dolomite 0.506 0.186 0.009 0.009 0.104 21.651 29.949 0.036 47.653 100.102 
323 RSC supergene dolomite 0.102 0.055 8.101 0 0.003 15.912 29.801 0 45.618 99.591 
324 RSF ore-stage dolomite 0.402 0.105 0 0 0.025 21.398 30.492 0.011 47.626 100.06 
325 RSF ore-stage dolomite 0.198 0.03 0 0 0.005 21.948 30.7 0 48.201 101.082 
326 RSF ore-stage dolomite 0.142 0.04 0 0 0 22.371 31.434 0.003 49.21 103.2 
327 RSF ore-stage dolomite 0.271 0.073 0.001 0.002 0.019 21.984 30.621 0.015 48.266 101.251 
328 RSF remobilization dolomite 0.416 0.116 0.273 0.015 0.043 21.446 30.287 0.028 47.717 100.339 
329 RSF supergene magnesite-

spherocobaltite 
0.221 0.166 19.808 0.005 0.077 32.66 0.633 0 48.078 101.649 

330 RSF supergene magnesite-
spherocobaltite 

0.277 0.042 20.025 0.021 0.009 32.038 0.092 0 47.03 99.534 

331 RSF supergene magnesite-
spherocobaltite 

0.121 0.037 25.253 0.035 0.011 28.739 0.437 0 46.68 101.312 

332 RSF supergene magnesite-
spherocobaltite 

0.061 0.076 23.485 0.036 0.012 28.372 0.633 0.003 45.385 98.063 

333 RSF supergene magnesite-
spherocobaltite 

0.367 0.171 40.17 0.007 0.005 15.186 0.521 0 40.922 97.349 

334 RSF supergene magnesite-
spherocobaltite 

0.273 0.034 20.275 0.034 0.01 32.403 0.22 0 47.676 100.924 

335 RSC remobilization dolomite 0.973 0.169 0.002 0 0.001 21.63 30.358 0.02 48.155 101.307 
336 RSC remobilization dolomite 0.342 0.085 0 0 0.004 22.015 30.556 0.014 48.29 101.306 
337 RSC remobilization dolomite 0.363 0.172 0.003 0 0.02 21.746 30.329 0.03 47.903 100.567 
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Table B.2: 

Sample  Fm Min Description 
d18O 

(SMOW) 
d13C 

(VPDB) 
d34S 

(CDT) 
F120-209.4 DSt dol Supergene dolomite 22.95 (0.02) -1.73 (0.02)   
F137-201.5B RSC dol Ore-stage dolomite 22.05 (0.02) 0.23 (0.02)   
F137-664B1 RSC dol Recrystallized first-substage ore-stage dolomite 21.09 (0.02) -3.9 (0.03)   
    carr Coarse disseminated carr     -1.7 
F137-664B2 RSC dol Recrystallized second-substage ore-stage dolomite 22.15 (0.03) -1.78 (0.03)   
F140-540.9 SDB dol Remobilization dolomite 22.07 (0.01) -2.22 (0.01)   
    cpy Coarse cpy from near remobilization dolomite     5.5 
    py Framboidal pyrite     -7.2 
F140-551.5 SDS dol Ore-stage dolomite 19.28 (0.05) -1.83 (0.03)   
F177-53.9a SDS dol Ore-stage dolomite 23.17 (0.05) -2.69 (0.01)   
F177-53.9b SDS dol Remobilization dolomite 23.76 (0.04) -2.37 (0.01)   
F25-21.5 RSC dol Ore-stage dolomite 21.49 (0.05) -1.41 (0.01)   
F264-162vn RSC dol Supergene dolomite 27.4 (0.06) 1.61 (0.01)   
F43-329.3B RSC dol Ore-stage dolomite 22.23 (0.06) -8.76 (0.02)   
F62R-221.2a RSC dol First substage of ore-stage dolomite 21.41 (0.03) -0.84 (0.05)   
F62R-221.2b RSC dol Second substage of ore-stage dolomite 24.11 (0.04) 0.81 (0.01)   
F65-95.2 RSC dol Supergene dolomite 21.14 (0.04) -1.05 (0.01)   
Fw82-104.2B DSt dol Remobilization dolomite 19.86 (0.08) 0.31 (0.01)   
    bn Bn in discordant vein     -1.3 
Fw82-145B1 SDB dol Ore-stage dolomite 21.96 (0.03) -1.17 (0.01)   
Fw82-145B2 SDB dol Remobilization dolomite, saddle texture 22.12 (0.04) -1.31 (0.03)   
Kw300-142.7 RSF dol Ore-stage dolomite 23.35 (0.02) -1.51 (0.01)   
    bn Bn in veins and alteration laminae     -4.3 
Kw300-158.4B RSF dol Ore-stage dolomite 22.28 (0.01) -1.6 (0.03)   
Kw364-218.4B RSC dol Supergene dolomite 22.36 (0.03) -0.4 (0.05)   
    carr Coarse disseminated carr     -10.1 
Kw365-114 RSF dol Remobilization dolomite 22.87 (0.03) 0.76 (0.01)   
F43-306.7 RSF py framboidal pyrite in black shale     20.1 
F119-53.9A SDS py/cpy py nodule cut by cpy veinlets     13.6 
F12-200.2 DSt cc supergene chalcocite     -5.7 
F124-208.8 SDS py framboidal pyrite     15.9 
F126-526.4A DSt carr vein carr, thin cc edges and minor cpy-bn inclusions     6.0 
F137-156.1 SDS py nodule py     -29.1 
F18-174.3   cc supergene chalcocite     2.6 
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F21-51.8 SDS py/cpy framboidal pyrite probably mixed with chalcopyrite     8.2 
F21-51.8 SDS cpy cpy in jack vein     27.7 
F23R-498.5 DSt carr carr in discordant vein     11.4 
F23R-500B DSt bn/dig bornite grain partly replaced by digenite     6.3 
F41-41.9 DSt py euhedral pyrite disseminated among anhydrite laths     6.5 
F41-85.4 SDB py framboidal pyrite     -8.4 
F41-85.4 SDB py euhedral pyrite with irregular veins     10.4 
F43-302.7 DSt py disseminated euhedral pyrite     16.7 
F62R-184.9 SDS carr/dig/bn nodule carr, surrounded by dig-bn[cpy]     5.1 
F62R-269.1 RSF carr/dig/bn lens carr, surrounded by dig-bn[cpy]     9.2 
F62R-285.4 DSt cpy cpy in discordant vein     19.4 
F65-115 DSt carr carr lamination with thin cc rim     1.0 
F68-395.7 SDS cpy coarse cpy along edge of discordant vein     -0.2 
Fw82-139.8 SDB cpy cpy veins     -3.3 
Kw365-125.3 SDB cpy cpy in discordant vein     4.9 
Kw365-160.7 Dst cpy coarse vein cpy     1.2 
T158-159.8A RSC carr coarse disseminated carr, thin cc rim     -5.9 
T158-166.5 RSF bn bn in veins and alteration laminae     -2.9 
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Table B.3: 

 
Ore stage 

T, ˚C wt% NaCl(eq.) = 11% wt% NaCl(eq.) = 20% 
50 6.56 7.21 
100 5.5 6.14 
150 4.7 5.51 
200 4.07 5.04 

 

 
Remobilization stage 

T, ˚C wt% NaCl(eq.) = 35% wt% NaCl(eq.) = 45% 
100 4.91 5.42 
150 4.11 4.8 
200 3.48 4.32 
250 2.98 3.96 
300 2.56 3.66 
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Table B.4: 
 

   
Fe saturated Fe undersaturated 

     
Path fS2 fO2 Cu 

sol. Co sol. Cu sol. Co sol. ΣS Viable?  
  A ê = = é = é ê No Desulfidation 

 B ê é é é é é ê No Desulfidation, oxidation 
C ê ê ê é ê é = No Desulfidation, reduction 
D ê ê ê ê ê ê é Yes Desulfidation, reduction 
E = ê ê ê ê ê êé No Reduction 

 F é ê ê ê ê ê = Yes Sulfidation, 
reduction 

 G é ê ê ê ê ê é Yes Sulfidation, 
reduction 
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ABSTRACT 

Two previous articles in this series examined the geological and geochemical evolution 

of the Tenke-Fungurume Cu-Co district (“TFM”; Katanga, DR Congo). This last installment 

reviews the evolution of TFM in the context of the evolution of the Central African Copperbelt.  

Most of the Copperbelt stratiform Cu-Co deposits have the same mineralogy and mineral 

textures early in the paragenesis. Framboidal pyrite and anhydrite are found throughout the 

region, along with carbonate interpreted as a seawater precipitate; textural evidence indicates 

these minerals formed in soft sediments. The framboids and evaporites were included, 

overgrown, or replaced by ore-stage carbonate, uniform over at least the district scale in 

occurrence, composition, and zoning, and the disseminated stratiform ore sulfides. The 

orebodies’ Cu-Fe sulfide zonation from proximal bornite to distal pyrite is consistent at several 

deposits over the Copperbelt. Variably mineralized high-angle veins crosscutting the ore-hosting 

strata are common throughout the Copperbelt. These and all other minerals were overprinted 

near the surface by supergene phases, highly variable in composition within and between 

samples.  

The uniformity of the ore-stage dolomite and the lateral continuity of the ores indicate ore 

formation in a fluid flow system comparable in size to the one that formed the Midcontinent 

Mississippi Valley-type deposits. The fluid driver is unknown but could have been early 

orogenic stresses, glacial unloading, burial compaction, or topographic flow. Diagenetic or 

epigenetic timing is demonstrated by the occurrence of the ore-stage carbonate in discordant 

veins as well as in complete replacement of the early carbonate. The early carbonate survives 

only in inclusion textures within the ore-stage dolomite, which inherited some of its 
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Neoproterozoic marine carbonate C and O isotopes, along with an infusion of highly radiogenic 

Sr probably indicating interaction with the basement. The basement may also be the metal 

source, though this remains unsettled. The ores’ distribution and zoning indicate a sulfide trap.  

The remobilization of groundmass sulfides into high-angle veins in the stratiform Cu-Co 

deposits, and the emplacement of Pb-Zn-Cu-Au-Ag-U-REE-(PGE) vein- and breccia-type 

deposits at various stratigraphic levels, probably date from fluid movement caused by the 

Lufilian orogeny (ca. 570-510 Ma). The degree of Lufilian Cu-Co stratiform ore remobilization 

varies significantly over the Copperbelt, in general being strongest in Zambia but weak in the 

northern fringes of the Copperbelt where TFM lies. This correlates with the regional trend in 

Lufilian metamorphic grade. The variability in metamorphism and ore reworking during the 

Lufilian is probably responsible for a great deal of the observed variability among Copperbelt 

deposits, but later supergene alteration involved still more variation; unlike the main ore-stage 

and synorogenic alteration episodes, the supergene environment was dominated by localized 

fluid systems that created mineral assemblages and compositions variable over short distances 

and within single crystals. Nevertheless the Copperbelt retains enough uniformity to be 

recognized since the early 1900s as a single ore-forming system.  

 

INTRODUCTION 

Purpose of this article 

The first article in this series discussed the spatial and temporal evolution of the Tenke-

Fungurume Cu-Co district (TFM), in Katanga, D.R. Congo; the second explored the processes 

that formed it. In both, TFM itself was the focus; in this final article, TFM is viewed as a part of 
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the Central African Copperbelt, and the geology and the geological history of the district is a 

means of gaining insight into the evolution of the Copperbelt as a whole.   

This article begins with a preamble on the regional geology, and then chronicles the 

history of Copperbelt research, showing how the present understanding of the Copperbelt has 

grown out of the observations made and hypotheses formulated in the past. A short introduction 

to the TFM district geology follows, along with a discussion of the validity of generalizing 

district-scale studies to the region. Thereafter, the study follows the TFM paragenesis in 

organization, comparing the characteristics of minerals and the nature of the processes in each 

post-depositional stage to data and interpretations through the rest of the Copperbelt. There are 

some closing remarks on hypotheses about the source of the region’s metals and on the 

similarities of the Copperbelt to other sediment-hosted systems. It will be shown that Copperbelt 

stratiform deposits, though differing in a few respects, in general had a common history up 

through the time of the main ore precipitation episode. Divergence in characteristics began with 

the diverse effects of the Lufilian orogeny, amplified later by the control of supergene alteration 

by small-scale, individual fluid systems.  

 

The Central African Copperbelt: Geology and the development of geological thought 

The Central African Copperbelt stretches over northern Zambia and southeastern D.R. 

Congo in the shape of a north-convex crescent about 200 km broad at its widest point (Fig. 1). Its 

famous stratiform orebodies are one of the world’s great Cu-Co resources, and in addition the 

Copperbelt holds massive vein-hosted and breccia-pipe deposits with U, Au, Pb, Zn, Pt, Pd, Ga, 

Ge, REEs, and other economic elements. The copper resource has been known and exploited by 
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indigenous mining and smelting since at least the sixth century AD (Bisson, 2000), but the 

Copperbelt first entered European technical literature in the 1892 travelogue of Jules Cornet, 

whose Observations sur les terrains anciens du Katanga contained the first general lithological 

and stratigraphic descriptions (Cornet, 1897).  

The Neoproterozoic sedimentary and metasedimentary rocks that make up the Copperbelt 

(Fig. 2) are collectively known as the Katangan Sequence (Cailteux, 1994). Most of the 

stratiform Cu-Co deposits lie in the “Mines Series”, the lowest layers of the Roan Supergroup in 

the Congo, and the lowest member of the Katangan Sequence there. A few other stratiform Cu 

and Pb-Zn deposits occur higher in the Roan, along with the massive vein and breccia ores. 

There are a few stratiform Cu occurrences in the overlying Kundelungu and Nguba Supergroups. 

In Zambia, domes of basement rock host some mineralization, rarely economic (Bernau et al., 

2013), but in the Congo the Katangan Sequence rocks are allochthonous and the basement is 

unknown.  

The oldest known basement unit in Zambia is the Paleoproterozoic Lufubu Complex, 

which comprises schistose metamorphic rocks mixed with intrusive granitoids that Rainaud et al. 

(2005) dated between 1994 and 1873 Ma. There is a large unconformity between the Lufubu 

Complex and the overlying metasedimentary Muva Group (Master et al., 2005). Various younger 

magmas intruded the basement then and later. The youngest of these was the Nchanga Granite. 

Detrital zircons from this intrusion constrain the maximum age of the Roan Supergroup at 887 

Ma (Rainaud et al., 2005). The Katangan Sequence chronostratigraphy remains incomplete: the 

only additional age constraints come from the Grand and Petit Conglomerats, diamictites 

deposited in the Upper Roan during the Marinoan and Sturtian glaciations (Cailteux et al., 1994). 
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Notwithstanding the lack of absolute age data, the overall stratigraphic column has been fairly 

well established for both the Zambian and Congolese sides of the Copperbelt.  

The sedimentological makeup of the Katangan Sequence strata varies over distance, 

especially in the Roan. Broadly speaking, in the Congo the Roan rocks are mostly carbonates and 

in Zambia they are mostly siliciclastics. Most Zambian ores occur in a single unit, the Ore Shale 

(in some places the Footwall Arenite), whereas the Congolese orebodies generally lie in two 

shale-dolomite units above and below a central algal dolomite layer. However, the Congolese 

and Zambian ore hosts are laterally correlative in spite of their different facies, with all the 

stratiform ore hosted in the Mines Series, the lowermost Roan unit. Lithological similarity 

increases up-section from the Roan, with both Zambian and Congolese strata becoming more 

shale-rich and carbonaceous. Cailteux et al. (1994) present a correlative lithostratigraphy over 

Zambia and the Congo.  

In spite of their lithological variations over distance and different number of orebodies, 

the Roan deposits were recognized as belonging to one system early on in Copperbelt research. 

Ball and Shaler (1914) commented, “The Katanga copper deposits are quite similar in mineral 

paragenesis and in form, and probably all have a common origin.” Gray (1930) attempted the 

first large-scale stratigraphic correlation between the Zambian and Congolese deposits, but his 

work covered only the lowermost part of the Katangan Sequence. Full stratigraphic columns for 

the Zambian and the Congolese sides of the Copperbelt were established by Mendelsohn (1961) 

and Cahen (1954) respectively, but the halves were not finally united into a Copperbelt-wide 

sequence until the large-scale study of Cailteux et al. (1994) (Porada and Berhorst, 2000).  
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Even before the full correlation, it was understood that both Zambian and Congolese 

strata were deposited in the same environment (Ball and Shaler, 1914; Bateman, 1930). The 

earliest debates on the subject were between a marine and a continental origin. Most of the very 

early work had refrained from speculation on depositional environment, containing nothing more 

than vague references to a “Katangan Sea” (Ball and Shaler, 1914). But Bateman (1930) thought 

that the Upper Roan strata were continental, although he correctly identified the Grand 

Conglomerat as a tillite, and Robert (1931) advocated a fluviatile and continental origin for the 

Roan. Desultory then, the debate intensified in the 1960s, when the first full studies of facies and 

sedimentology began. Large-scale crossbedding, one of the most prominent features of Zambian 

arenites, was thought the strongest evidence for an eolian setting (Fleischer, 1967); Garlick 

(1965) had documented enough ripple marks and mud cracks to suggest alternating eolian and 

subtidal environments. Van Eden (1974) dissented: he considered the large-scale cross-beds 

subaqueous rather than subaerial, and his consequent interpretation of the Lower Roan as a 

transgressive, shallow-marine sequence isolated from the open sea remains current today. With 

the exception of the controversial lowermost unit of the Roan, an enigmatic stratum called the 

RAT (see: Wendorff, 2000; Kampunzu et al., 2005), the Katangan Sequence strata are now 

accepted as shallow marine. The recognition of relict evaporites around the 1980s was probably 

the strongest indication that the environment was a restricted basin.  

Debate then shifted to the nature of the basin. Earlier articles on the subject favored a rift 

or an aulacogen (Gustafson and Williams, 1981; Annels, 1984), though Binda (1994) thought 

that the lack of coeval volcanic and volcaniclastic rocks among the lower strata indicated a 

passively subsiding, perhaps intracontinental basin. Kampunzu et al. (2000) proposed that the 
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Roan basin was an active intracratonic rift participating in the general breakup of Rodinia and 

detailed its putative connections with the pan-African tectonic situation through time. Selley et 

al. (2005) found that the rapid changes in thickness of Zambian footwall sediments matched 

expectations for half-graben formation in rifts, and Woodhead (2013) agreed. At present the 

consensus has more or less settled on either a rift or an aulacogen.  

It was obvious by the 1930s that the ore-hosting strata had been deformed, and a 

proposed genetic connection between orogeny and orogenesis stimulated investigations into the 

Copperbelt’s deformation history (Bateman, 1930; Robert, 1931). Early geologists identified 

several episodes of folding (Ball and Shaler, 1914), and in the 1930s their number was settled at 

three: the Lomamian, Lusakan, and Lufilian orogenies (Porada and Berhorst, 2000). Later work 

reduced this to one, which is sometimes subdivided into multiple episodes of deformation (three 

according to Kampunzu and Cailteux, 1999; two for François, 2006). In 1961, Garlick coined the 

term “Lufilian belt” to describe the results of the orogeny. The ensuing subdivision of the 

Lufilian belt into four regions reflecting the northward decrease in metamorphic grade - the 

Katanga High, the Synclinorial Belt, the Domes Region, and the External Fold-and-Thrust Belt – 

remains current (Selley et al., 2005). Since the acceptance of plate tectonic theory, the Lufilian 

orogeny has been considered a local manifestation of the Pan-African orogeny caused by the 

collision of the Kalahari and Congo cratons during the assembly of Gondwana (Kampunzu et al., 

2005). The connection between vein and stratiform deposits, and between both types of deposits 

and the orogeny, was unclear in the 1930s and is still disputed today (Robert, 1931; Lefebvre, 

1989a; Sillitoe et al. 2010).  
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The history of perspectives on the origin of the stratiform deposits mirrors the evolution 

of geological thought about the Copperbelt. The earliest metallogenetic concepts were 

dominantly magmatic-hydrothermal (Ball and Shaler, 1914), although Lindgren (1911) 

distinguished himself by rejecting the possibility in favor of an amagmatic, epigenetic model. Up 

to that time all of the discussion was based on the Copperbelt oxide orebodies, which were the 

only ones known. But sulfides had been discovered, at least in a few places, by the time Gray 

(1930) began comparing Zambian “sulfide” to Congolese “oxide” ore deposits. He recognized 

the stratabound nature of the ores, and on that basis he argued against their magmatic-

hydrothermal origin. His conclusion, however, was that both sulfide and oxide orebodies were 

supergene and that their occurrence was controlled by the primary permeability of the stratum 

and the secondary permeability of the Lufilian folds. Later he modified this to a supergene origin 

for the oxides and a synorogenic one for the sulfides (Gray, 1932); this contradicted the 

conclusion of Robert (1931) that the orebodies, some of which were folded like their host strata, 

must have been emplaced prior to orogeny. Both Gray and Robert favored amagmatic 

metallogenesis on the grounds that the ores were stratabound, but Bateman (1930) thought this 

was no valid objection to magmatic-hydrothermal formation, and explained the zoning he 

observed in sulfide mineralogy as a consequence of precipitation by magmatic emanations. The 

magmatic-hydrothermal hypothesis received further support later from the recognition of locally 

intense potassic alteration in many of the Zambian deposits (Darnley, 1960; Lefebvre, 1985; 

Sutton and Maynard, 2005). All of the models at that time, magmatic or otherwise, assigned a 

diagenetic or epigenetic timing to mineralization. 
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This changed around the 1960s. Sedimentological interpretations had multiplied since the 

1950s (e.g., Barker, 1951; Bain, 1960; Oosterbosch, 1962; Paltridge, 1968) and all indicated a 

general shallow marine environment of Roan deposition. Meanwhile, the progress of deep 

drilling exposed more sulfides and their chalcocite-to-pyrite zoning sequence became better 

understood. Bain (1960) had noticed this earlier and considered it an “opening-based” zoning 

controlled by tectonic regime, but Mendelsohn (1961) and Garlick (1964) thought it was related 

to shoreline position and water depth in the depositional basin, and proposed syngenetic 

mineralization. Though Gillson (1963) pilloried Garlick’s views in a manifesto favoring 

epigenesis, the syngenetic hypothesis prevailed throughout most of the 1960s and into the next 

decade (Van Eden, 1974; Lefebvre, 1974). Among other things, the syngenetic hypothesis 

entailed a belief that the Copperbelt’s vein-hosted ores represented a metallogenetic episode 

completely independent from the one that formed its stratiform deposits; perhaps this is why 

there are very few papers on the vein-hosted deposits from the 1960s and 1970s.  

The diagenetic or epigenetic hypothesis did not entirely die during the ascendancy of the 

syngenetic view (e.g., Oosterbosch, 1951; Gillson, 1963). In the early 1970s, Bartholomé et al. 

(1972), Bartholomé (1974), and Renfro (1974) prompted its reevaluation by their recognition 

that most of the evidence for syngenesis consisted of sulfide zoning patterns and textures 

perfectly compatible with diagenetic ore formation. Renfro (1974) further noted the co-

occurrence of the ore deposits with evaporites, and Bartholomé and Katekesha (1971) cited the 

overgrowth of framboidal pyrite by Co-rich euhedral pyrite, as evidence against a purely 

syngenetic process of mineralization. Further evidence came from the discovery of a slight 

discordance between the zoning patterns of sulfides and sediment facies (e.g., Annels, 1974). 
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Some syngeneticists reacted to these objections by incorporating minor diagenetic enrichment 

into their model (Van Eden, 1974). Others, however, continued the purely syngenetic hypothesis 

as late as 1989 (Garlick, 1989; Mendelsohn, 1989). Notwithstanding their efforts, by the 1990s 

most authors considered Copperbelt stratiform metallogenesis post-depositional.  

The growing consensus on post-depositional origin of the Copperbelt stratiform deposits 

resurrected the possibility that they might have a genetic connection with the vein ores. Unrug 

(1988) and Lefebvre (1989b) suggested that the two deposit types represented different stages in 

the tectono-sedimentary evolution of the Roan basin. Long-lasting and episodic fluid expulsion 

in response to continent-scale tectonic evolution has also been suggested as a common origin for 

the entire stock of Copperbelt deposits (Duane and Saggerson, 1995). Advances in 

geochronology and tectonic studies have helped to establish the Lufilian age of the veins (e.g., 

Torrealday et al., 2000; Barra, 2005), but this has not clarified their potential relationship with 

the stratiform ores, whose origins remain unsettled (e.g., Haest and Muchez, 2011). Nor has the 

potential relationship between the stratiform and vein deposits and local IOCG-type 

mineralization been established (Lobo-Guerrero, 2010).  

The question of genetic connections will probably not be settled until the metallogenesis 

of the stratiform ores is better understood. The debate today is between diagenesis and 

epigenesis. With some exceptions (Okitaudji, 2001; Porada and Druschel, 2010), the current 

consensus is the Copperbelt stratiform ores formed at some point after the sediments were 

deposited, but estimates range from almost simultaneous with sediment deposition (Cailteux et 

al., 2005) to 300 million years after it (e.g. Sillitoe et al., 2010). Figure 3 summarizes the variety 

of modern estimates on the timing of the main ore stage in the Copperbelt stratiform deposits.  
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Further contention has arisen over the number of episodes it took to form the ores. A 

multiphase-diagenetic model recently emerged in the literature (Muchez et al., 2008; El Desouky 

et al., 2009), and since then estimates of the number of ore deposition episodes have varied from 

one (e.g., Sillitoe et al., 2010) to five (e.g., Brems et al., 2009; Torremans et al., 2013). In part 

these different numbers reflect different sites of investigation and perhaps the contrasting 

perspectives of lumpers and splitters. The disagreements may also be a question of scale, as 

multiple delicately differentiated episodes in a few samples or a single deposit merge into a 

single episode at the district or regional scale. Lastly, different Copperbelt deposits may indeed 

have received different numbers of ore precipitation episodes.  

The role of the Lufilian orogeny also remains a matter of controversy. Everyone agrees 

that its effects were massive, but no one has proven whether it added new ores to the Copperbelt 

(e.g., Sillitoe et al., 2010) or merely remobilized existing ones (e.g., Dewaele et al., 2006). This 

debate, and the previous one, have gone on since Robert (1931) and Gray (1932) disagreed about 

the timing of stratiform mineralization, and perhaps before. But, as the consensus on the post-

depositional formation of the stratiform deposits shows, a century of research on the Copperbelt 

has at least helped the scholarship of 2014 to reach the interpretation that Waldemar Lindgren 

formed in 1911.  

 

The Tenke-Fungurume district (TFM) and this study 

Stratiform deposits in the Tenke-Fungurume district (TFM) were mentioned first by 

Buttgenbach (1904) in a Belgian publication (Schuh et al., 2012), but they feature in very few of 

the early Copperbelt-related technical articles. The earliest substantial work on them was a 1951 
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examination of its sulfide minerals (Oosterbosch, 1951). There were almost no publications on 

TFM for another fifty years; in the early 2000s, the owners of the district released multiple 

public reports. Since then there have been two papers, one on its supergene mineralogy and one 

district overview (Fay and Barton, 2012; Schuh et al., 2012, respectively).  

Notwithstanding its relatively late entry and small presence in the literature, the TFM 

resource is large: at present the mine there is the world’s largest Co producer (Schuh et al., 

2012). The resource currently in production is the oxide blanket, but the deep sulfides are also 

rich, and the mixed zone between them is economic in place in spite of its metallurgical 

challenges. The oxides are malachite, chrysocolla, and heterogenite, and they dominate about the 

uppermost 100 m of the deposits. The deep sulfides are pyrite, bornite, chalcopyrite, digenite, 

carrollite, and chalcocite. The mixed ores are chalcocite, native copper, cobaltoan dolomite, 

magnesian spherocobaltite and cobaltoan magnesite, and cuprite, but their mineralogy varies 

from place to place and may include remnant hypogene and invading supergene phases.  

The district lies in the External Fold-and-Thrust belt, on the northward fringe of the 

Congolese side of the Copperbelt. Metamorphism was weakest there (Selley et al., 2005), and at 

TFM the dominance of secondary chlorite and sericite indicate that Lufilian metamorphism 

barely reached the greenschist grade (François, 2006; Schuh et al., 2012). The Lufilian 

deformation did, however, raft the strata northward, fold them into a roughly east-west-trending 

syncline, and break them into small rafts or “écailles” in the process.  

The host strata are the Mines Series, and the ores concentrate in the RSF-DStrat and the 

SDB (Fig. 2). These Lower and Upper Orebodies sandwich the RSC, a silicified dolomite 

heavily altered everywhere but sparsely mineralized only in its shale intercalations. Sulfide 
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mineralization in the orebodies is zoned from proximal bornite to distal pyrite outward from the 

RSC, a classic sequence in sediment-hosted deposits (Gustafson and Williams, 1981) and an 

indicator of changing redox and sulfidation state during mineralization.  

Mineralization and alteration at TFM involved multiple processes with overprinting 

effects. These are described elsewhere (Appendix A) and have been interpreted into the 

paragenetic sequence among those summarized in Figure 4. This article considers the 

paragenesis constructed in Appendix A and the processes interpreted in Appendix B in the 

context of the overall evolution of the Central African Copperbelt. However, first it is necessary 

to consider whether a district-scale study can be generalized to the entire Copperbelt.  

 

GENERALIZABILITY OF SMALLER-SCALE STUDIES TO THE COPPERBELT 

The validity of generalizations from district-scale studies to the entire Copperbelt 

depends on how heterogeneous the Copperbelt is with respect to the feature under examination. 

For instance, although the general character of the stratiform ores and their stratigraphic level are 

fairly uniform and the sedimentological variations of the Katangan Sequence are reasonably well 

constrained, the alteration mineralogy, metal endowments, metamorphic assemblages, and 

isotopic compositions are all known to vary over the Copperbelt (Bartholomé, 1974).  

How much of the Copperbelt’s variability developed early is unknown and depends on 

whether the Roan basin was a single, hydraulically unified system, or a mosaic of hydraulically 

isolated depocenters. Both models have been proposed (Croaker, 2011) and each has different 

implications for the distribution and spatial variability of the ores and the early alteration 

minerals, and hence on the validity of generalizations made from one scale to another. If the 
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sediments or rocks were all a part of a unified, basin-wide sedimentological and hydrological 

system, then their mineralogy and composition ought to be relatively uniform, and their 

alteration parageneses should be the same up to the point in time when their flow systems 

segregated. In the other case, sediments would be altered by a large number of smaller-scale 

fluid systems disconnected from one another, perhaps resulting in vastly different minerals 

during the same time period, leading to heterogeneity in paragenesis, mineralogy, and mineral 

compositions over distance. Selley et al. (2005) explain much of the variability among 

Copperbelt deposits as a consequence of their isolation into separate subbasins. Apart from these 

inferences the architecture of the Roan basin remains poorly known.  

The Lufilian orogeny added further complications. In some respects its effects were 

homogenizing: it may have scrambled sulfur isotope data over the entire region (Dechow and 

Jensen, 1965; disputed by McGowan et al., 2003); obliterated many of the earlier-formed 

alteration minerals and moved some of the others (Cluzel, 1986); reset fluid inclusion 

temperatures (El Desouky et al., 2010), and overprinted earlier crystals with a new set yielding 

radiometric dates between 500 and 600 Ma (Richards et al., 1988a; Barra, 2005). However, 

Lufilian metamorphism was highly variable in degree from place to place and its overprinting 

effects were rarely complete (Cluzel, 1986; Haest and Muchez, 2011). Thus the Lufilian orogeny 

may have increased or decreased the general level of uniformity and hence the ability of any 

single district to represent the whole Copperbelt.  

A great deal of diversity is certainly evident from a comparison of the 15 published 

paragenetic sequences for Copperbelt deposits (Fig. 4). Virtually their only point of agreement is 

that sulfides, quartz, and carbonate formed in the rock at some time or times. Common ground is 
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scant even between two authors working on the same deposit. For instance, Sweeney et al. 

(1986) found two hypogene mineralization episodes, where Torremans et al. (2013) 

distinguished four. At Nkana (Zambia), talc and tremolite occur in the paragenesis of Croaker 

(2011), but not in Brems et al. (2009). Some of this may reflect differences among samples, 

geologists, and scales of examination. But overall, the variability shows that there is a great deal 

of heterogeneity even among the stratiform deposits and suggests that one must proceed from the 

district scale to the regional scale with caution.   

 

EVOLUTION OF THE STRATIFORM ORE DEPOSITS: TFM AND THE 

COPPERBELT 

Depositional environment 

The sedimentology of the Mines Series at TFM reflects deposition on what was probably 

the fringe of the Roan basin, given the evidence for anhydrite precipitation there and in nearby 

Congolese deposits (Musonoi: Dewaele et al., 2006; Luiswishi, Kamoto: Muchez et al., 2008 and 

El Desouky et al., 2010). Halite would be expected at the center of the basin (Warren, 2006) and 

scapolite after halite is indeed found in Zambia (Broughton et al., 2002; Steven and Armstrong, 

2003). Deposition at the basin margins is also consistent with TFM’s position at the northern 

edge of the Copperbelt. However, studies at TFM can shed little light on the geometry of the 

Roan basin; the Mines Series rocks are allochthonous there and the basement unknown 

(François, 2006; Schuh et al., 2012).  

The mix of shales, sandstones, and carbonates in the Mines Series at TFM indicate that 

water level varied over the time of Roan deposition (Schuh et al., 2012, esp. Fig. 6). It must have 
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been fairly shallow at times, as stromatolites are known from the RSC and some ripple marks 

from the SDB. Such features are common in the Copperbelt (Garlick, 1964; Van Eden, 1974), 

and in other Precambrian stratiform Cu deposits (e.g. Mount Isa: Garlick, 1964; the Belt 

Supergroup: Schieber, 1998).  

 

Early alteration 

Appendix A details the paragenesis at TFM. Alteration occurred in multiple episodes and 

started early, with framboidal pyrite, anhydrite, and an early carbonate, the last now replaced. 

Next, the main ore stage alteration emplaced Cu-Co and Cu-Fe sulfides along with voluminous 

dolomite. The minerals from these stages were overgrown and partly replaced by a coeval or 

slightly later quartz, which in turn was overgrown by a second dolomite. Along with this 

dolomite came vein sulfides, remobilized from the wall rock. The concatenation of these 

minerals, exposed much later at the surface, was oxidized and further altered by meteoric fluids.  

This paragenesis has several features in common with interpretations at other Copperbelt 

deposits (Fig. 4). The relationships of silica and dolomite minerals match point for point with 

what Bartholomé et al. (1972) and Pirmolin (1970) described at Kamoto, and the overall 

sequence is similar to the one Dewaele et al. (2006) determined for Kamoto and Musonoi. It also 

agrees reasonably well with the interpretations El Desouky et al. (2010) made at Kamoto and 

Luiswishi, with the Nkana parageneses of Brems et al. (2009) and Croaker (2011), and with the 

overall paragenesis in Congolese deposits of Cailteux et al. (2005).  

Similarity among all the paragenetic sequences in Figure 4 is most pronounced in the 

early alteration, although this may be because overprinting destroyed many of the differences 
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still visible among minerals produced later in time. Framboidal pyrite is attested almost 

everywhere in the region (Cailteux et al., 2005) and fixes the timing of this earliest and most 

widespread episode at a very early point after deposition (Sweeney et al., 1986; Porada and 

Druschel, 2010). Anhydrite is reported almost everywhere in the Copperbelt; no halite is known 

apart from daughter crystals in fluid inclusions throughout Zambia and the Congo (Greyling et 

al., 2005; Dewaele et al., 2006; El Desouky et al., 2009). In general the scarcity of halite is 

attributed to its high solubility (Moine et al., 1981; Jackson et al., 2003), and the amount of 

marialitic scapolite reported from Lumwana (Bernau et al., 2013), Kansanshi (Broughton et al., 

2002), and Kalumbila (Steven and Armstrong, 2003) is perhaps evidence that halite once 

abounded. Several hundred meters’ worth of former evaporites are invoked, in many Copperbelt 

papers, to provide ligands for metal ions and to facilitate Lufilian thin-skinned thrusting (Jackson 

et al., 2003). There is no direct evidence for evaporites at TFM apart from scattered anhydrite 

pseudomorphs. However, the large-scale structural fabric of the Copperbelt does seem to reflect 

salt tectonics, and the volume of Mg-chlorites in all quarters of the Copperbelt suggests that the 

evaporite content of the strata may once have been considerable (Moine et al., 1981; Cluzel, 

1986).  

In contrast to the common occurrence and frequent discussion of framboidal pyrite and 

evaporites, the early carbonate has only a shadowy presence in the Copperbelt and in the 

literature. At TFM, no specimen survives: early carbonate precipitation is a conjecture based on 

the rhombic configuration of groups of tiny inclusions in later minerals and on soft-sediment 

deformation around the tapered ends of layer-parallel, antitaxial dolomite “jack veins”. Such vein 

textures are known results of hydraulic lifting by overpressured fluids in sediments undergoing 
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burial compression (Phillips, 1974; Cathles et al., 1993), and Schuh et al. (2012) interpret the 

TFM examples as such an early carbonate. However, the antitaxial dolomite crystals now 

occupying the jack veins are not themselves the early carbonate: cathodoluminescence and 

microprobe analyses show that they belong to the main ore stage, and that they are the same 

dolomites found in thick veins that crosscut the strata at high angles. Therefore this dolomite 

type must have formed when the rocks were already lithified.  

Notwithstanding this, many recent papers conflate the surviving ore-stage dolomite with 

the missing early carbonate associated with anhydrite and framboidal pyrite (e.g., Dewaele et al., 

2006; Muchez et al., 2008). All three are supposed to be derived from Neoproterozoic seawater, 

and in addition it is claimed that the REE patterns and Sr isotope ratios at Nchanga (McGowan et 

al., 2006; Roberts et al., 2009) and the C and O isotopic signatures at Konkola (Sweeney et al., 

1986), Kamoto, Luiswishi, Musonoi (Muchez et al., 2008), and Kambove (Van Langendonck et 

al., 2013), are all consistent with carbonate precipitated from Neoproterozoic marine-derived 

brine. Unfortunately for these hypotheses, the majority of the Copperbelt dolomites’ C-O isotope 

analyses do not lie within the expected range of Neoproterozoic marine carbonate (Fig. 5; Veizer 

and Hoefs, 1976). Fractionation is usually invoked to explain values outside that range, but 

fractionation from isotopically uniform seawater must then have lowered some carbonate values 

by 20 ‰ δ 13C (PDB), some of it by 25 ‰ δ18O (SMOW), and must have lowered other 

carbonate values not at all.  

Variable mixing with isotopically depleted waters could better explain this scattered 

range of isotopic values. Such a model has already been proposed for the Konkola deposit 

(Sutton and Maynard, 2005). A mixing model has the added advantage of explaining the 
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dolomites’ Sr ratios. These are significantly more radiogenic that anything produced by 

Neoproterozoic seawater, which varied between 0.7055 and 0.7090 (Jacobsen and Kaufman, 

1999; Muchez et al., 2008; El Desouky et al., 2010). But the mixing model is difficult to 

reconcile with the inference that the surviving, ore-stage dolomite is the same carbonate that 

precipitated out of seawater during early diagenesis. The only way to introduce a foreign isotopic 

signature into the active sedimentary basinal environment is to intrude groundwater from a 

radiogenic land reservoir into the basin, but this is not a common event at the sedimentary 

interface in active basins (Person and Garven, 1994). Nor can this process explain why the 

supposedly early carbonate also forms discordant veins at TFM.  

These observations can be easily explained by differentiating the ore-stage dolomite from 

the early carbonate. The early carbonate formed from Neoproterozoic seawater, but was later 

replaced by the ore-stage dolomite precipitating from a fluid that had reacted with rocks outside 

the basin. Thus the isotopic signature of the extant ore-stage dolomite is a mix of Neoproterozoic 

seawater with basement or other extrabasinal influences. This explanation is consistent with the 

difference between early and ore-stage carbonates interpreted in Zambia by Woodhead (2013), 

and it effectively rules out the hypothesis that the ore stage occurred soon after the sediments 

were deposited.  

 

The main ore stage 

The ore-stage fluid operated on a large scale: mineralization occurs in closely spaced 

bodies at the same stratigraphic level over the entire Copperbelt, and ore-stage mineral 

compositions are uniform at least over present-day distances of > 25 km (Appendix A). At TFM, 
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the ore-stage dolomite consists of a blue first substage overgrown by a white second substage, 

and a sample obtained from Luiswishi shows a similar feature, although the composition of that 

dolomite has not yet been analyzed (I. Fay, unpub. data). The compositional uniformity of the 

ore-stage dolomite in the TFM district alone is comparable in scale to the regional uniformity in 

sphalerite compositions in the Midcontinent Mississippi Valley-type (MVT) deposits (McLimans 

et al., 1980; Heyl and West, 1982; Leach and Rowan, 1986) and suggests that ore-stage 

alteration in the Copperbelt involved flow on a similarly grand scale. Further compositional and 

CL data on ore-stage minerals from outside the TFM district are needed to examine this 

hypothesis further.  

The mineralizing fluids passed through a permeable dolomite or clastic layer and 

precipitated ore in the adjacent shale-rich units – two strata in the Congo, one in most Zambian 

deposits. Redox change with distance from the permeable layer produced a sulfide zoning pattern 

from proximal chalcocite and bornite outward to distal chalcopyrite and then pyrite (Fleischer et 

al., 1976; Cailteux, 1986; Cailteux et al., 2005; Selley et al., 2005; Sillitoe et al., 2010; Hitzman 

et al., 2012). At TFM this pattern is subtle but present, although a more obvious mineralogical 

feature is the heavy preponderance of bornite in the Lower Orebody and of chalcopyrite in the 

Upper. This is probably a result of Fe-undersaturation in the Lower Orebody (Appendix B). 

The Copperbelt-wide redox zoning led some researchers to suggest redox traps for the 

stratiform ores (e.g., Benham et al., 1976; Hitzman et al., 2005, 2012). Cailteux et al. (2005) 

suggest a combination of redox and salinity change. Sulfide addition (Annels et al., 1983; Porada 

and Druschel, 2010) and facies variations in the sediments (Binda, 1994) have also been 

suggested (though this last is a situation rather than a process).  Whichever process caused the 
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trapping must be applicable over the entire Copperbelt shale-hosted resource at least, for the 

lateral continuity of the mineralized strata and the consistency of the sulfide mineral zoning 

indicate that the same process was at work in most of the stratiform deposits (Cailteux et al., 

2005). The arenite-hosted deposits may or may not be coeval with the shale-hosted ores, so a 

process that can explain them both, though favorable, is not necessarily required.  

Redox changes were clearly involved in precipitation (Fig. 6, phase diagram) but 

probably represents change in another variable such as salinity, sulfide concentration, 

temperature, mixing, or hydrocarbon entry. It is these, and not the reduction that they caused, 

that should be considered responsible for trapping ore.  

Metal trapping by sulfide addition is geologically plausible in the sediment-hosted ore-

forming environment, where an oxic metal-bearing brine encounters a pyritic shale. This trap 

could be consistent with several proposed models, such as the lithology change of Binda (1994), 

the sulfide addition advocated by Annels et al. (1983) and Porada and Druschel (2010), and 

sulfide addition could also represent the unspecified “redox processes” mentioned as trapping 

mechanisms by several recent Copperbelt authors  (e.g., Cailteux et al., 2005; Hitzman et al., 

2005, 2012; Heijlen et al., 2008; Muchez et al., 2008). There are many sulfide sources available 

in rocks like the Mines Series, although the suggestion that the sulfide came from framboidal 

pyrite and thermochemically reduced anhydrite (e.g., Annels, 1974; Woodhead, 2013) is unlikely 

at TFM. The δ34S values of the ore sulfides are consistently much heavier than the those 

belonging to the framboidal pyrites at TFM as well as at Nchanga (McGowan et al., 2003). If this 

were to be explained away as a result of mixing with heavy S from the thermochemically 

reduced anhydrite, it becomes inconsistent with the anti-correlation of laths and ore observed in 
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much of the Copperbelt (e.g., Annels, 1974; Fleischer et al., 1976; Lerouge et al., 2005; Selley et 

al., 2005; Woodhead, 2013). The survival of framboidal and euhedral pyrite in richly mineralized 

parts of TFM and at Kambove West (Cailteux, 1986), also militates against Bartholomé’s (1974) 

proposal that the ore sulfides replaced pre-ore pyrite and co-opted its sulfur. However, aqueous 

HS- or H2S, are also likely to be present in environments like the Mines Series rocks. Selley et al. 

(2005), among others, has suggested that an aqueous sulfide phase was present in the Copperbelt 

ore hosts and trapped the metals. There is some fluid inclusion evidence, though none 

conclusive, for former hydrocarbons (e.g., Greyling et al., 2005). There have been a few efforts 

to constrain the origins of the sulfide and the process involved in reduction by using S isotopic 

data, but these are far too scattered to use as evidence for anything except complexity (Fig. 7).  

Other metal trapping mechanisms can also apply over the scale of the Copperbelt and 

produce the observed sulfide zonation (Appendix B). Cooling is a possibility, at least 

theoretically. Myrmekitic exsolutions of bornite with digenite and bornite with chalcopyrite are 

common in the Copperbelt (e.g., Oosterbosch, 1951; Dimanche, 1974) and imply formation 

above 250 ˚C (Barton and Skinner, 1979, esp. Fig. 7-17). This temperature may represent 

Lufilian re-equilibration rather than main-stage mineralization (Annels et al., 1983), but if the 

main ore stage alteration occurred above 200 ˚C, a drop to 50 ˚C would cause enough decrease in 

Cu and Co solubility to cause precipitation. A neutralization trap also explains the zoning and 

compositional criteria of the Congolese and Zambian shale-hosted deposits, but is difficult to 

apply to TFM, where the ore-hosting shales are more acidic than the central aquifer unit. The 

central unit would thus be expected to host any ore trapped by neutralization, but it is barren 

except for some mineralization in shale intercalations. Most likely, the ore trap in the Copperbelt 
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was a combination of several processes, but sulfide increase is most plausible for the shale-

hosted deposits.  

Producing the Copperbelt ore-forming system requires not only a trap but a driver for 

large-scale fluid movement. Garven and Raffensperger (1997) enumerate some causes of fluid 

movement through basins: topographic differences in the water table, buoyancy differences 

owing to thermal or compositional gradients, burial compaction, tectonic compressional loading, 

extensional dilation, stress relaxation, and overpressure due to diagenetic reactions. All of these 

drivers have been suggested for the Copperbelt mineralization. Cathles and Adams (2005) have 

added glacial fluctuations to the list, though not specifically for the Copperbelt. Pirmolin (1970) 

and Unrug (1988) suggested that an igneous thermal gradient pushed fluids into the lower Roan 

rocks.  

To take the last suggestion first, thermal gradients are known to induce flow in some 

IOCG deposits (Barton, 2014). However, a Copperbelt-sized thermal gradient would require 

either a very large single igneous body or a multitude of smaller ones all intruding the fluid 

source area at the appropriate moment. No igneous bodies of any size are known to have 

intruded Copperbelt rocks between Roan deposition and Lufilian deformation, except for the 

amphibolite sills around Chambishi (Annels, 1984). The heat from these is much less than what 

would be required to drive a fluid through the length and breadth of the Copperbelt. Therefore, a 

direct thermal drive can be discounted until a sufficiently sizeable igneous intrusion of the right 

age turns up.   

A glacial driver is an interesting possibility, and there is some evidence for it in the 

Midcontinent MVTs. Cathles and Adams (2005) suggested that rise in sea level due to melting 
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continental glaciers could compact sediments enough to cause brine release, and they point out 

that meltwater might supplement the connate brine. If the Roan basin sediments were not yet 

completely lithified, the end of the Sturtian or Marinoan glaciation might have caused meltwater 

to raise sea level and compact the sediments, as well as forming the two diamictite strata in the 

Mines Series.  

The feasibility of this and the rest of the potential fluid drivers depends on the timing of 

the main ore stage. If mineralization happened during early diagenesis, compressional loading 

and unloading relaxation are both unlikely. If mineralization was late diagenetic or orogenic, 

extensional dilation can be ruled out. There, the constraints stop: there is not enough evidence to 

identify any one of the remaining candidates conclusively, and several of them probably 

contributed in various degrees and at various times.  

The driver is important from more than a theoretical standpoint: it may have governed the 

flow path, and the flow path governed the ore distribution. At TFM some écailles are mineralized 

and others are barren. The barren and mineralized écailles have the same lithologies and 

geochemical characteristics; the one difference is the lack of the ore-stage dolomite and the ore 

in barren écailles. Either the trapping mechanism at TFM required a chemical component, as yet 

undetected, that was missing from the barren écailles; or the altering fluid belonging to the 

second part of the main ore stage never reached them, for reasons probably having to do with 

fluid pathway and perhaps the driving force. Such isolation could have been due to any number 

of physical hydrological factors. Progressive compartmentalization of initially larger-scale flow 

is common in sedimentary basins (Powley, 1990; Person and Garven, 1994; Cathles and Adams, 

2005) and can result from faulting caused by regional tectonic stresses or subsidence, from 
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earlier alteration phases occluding permeability, from weakening in the flow system, or from the 

development in the basin of areas of high fluid pressure (Ingebritsen and Appold, 2012).  

Lufilian tectonic jumbling and extensive post-ore alteration have made most of these 

options impossible to test with the present state of exploration and geologic knowledge of the 

Copperbelt. An exception is the last hypothesis that the barren areas represent high-pressure 

centers that developed in the basin and pushed fluids away; this is a subterranean version of the 

early proposal that paleotopography controlled ore distribution by channeling fluid flow away 

from high points (e.g., Binda and Mulgrew, 1974). In another version suggested for Konkola, 

barren areas represent basement lows and mineralization concentrated where basement 

topography rose (Sutton and Maynard, 2005). Jowett et al. (1987) found evidence for a similar 

situation in the Kupferschiefer, where sulfide minerals are zoned away from basement highs that 

they interpreted as high-pressure areas. However, at TFM and in the Copperbelt, there is no 

observed zoning pattern in sulfide ores with respect to the barren areas, as there should be if the 

barren areas controlled the flow path of the mineralizing fluid, either as basement lows or as 

pressure highs.  

The possibility of pre-ore alteration minerals occluding permeability can also be tested, 

though not conclusively. Compared to mineralized écailles, barren écailles contain up to 10% 

more of the blue first-substage dolomite and algal phase. In part this is because the minerals’ 

proportions must sum to 100%, so the absence of some white dolomite and ore sulfides 

automatically causes an increase in the proportions of the rest. Whether the actual difference is 

enough mass to block fluid entry is unclear, nor does this calculation shed any light on other 

physical factors that determined fluid flow.  
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Orogeny and aftermath 

After the main ore stage, the Lufilian orogeny occurred. Orogenic systems are associated 

with massive fluid systems and are known to cause extensive mass transport (Etheridge et al., 

1983; Cox et al., 1987; Marshall and Gilligan, 1993). Some authors (e.g. Sillitoe et al., 2010) 

argue that the Lufilian created Copperbelt stratiform mineralization; the preponderance of the 

evidence at TFM is against this, but the question deserves detailed examination.   

Competing contributions to the literature have argued a great deal about whether the 

orogeny remobilized existing ores or added to them, or both, or remobilized them in one place 

and added to them in another. In the last decade alone, Cailteux et al. (2005), Barra (2005), 

Brems et al. (2009), Muchez et al. (2010), and El Desouky et al. (2010) have stated that the 

Lufilian not only remobilized but added Cu-Co, whereas Sillitoe et al. (2010), McGowan et al. 

(2003, 2006), Sutton and Maynard (2005), Roberts et al. (2009), and Woodhead (2013) credit the 

Lufilian with having formed all the ores in the Copperbelt, stratiform and otherwise. At the other 

extreme, Greyling et al. (2005), Greyling (2009), Steven and Armstrong (2003), Lerouge et al. 

(2005), Dewaele et al. (2006), Croaker (2011), and Torremans et al. (2013), deny that the 

Lufilian did anything but partly remobilize a preexisting Cu-Co resource. Table 1 summarizes 

the various views.  

Whether the Lufilian remobilized or added ore to the stratiform deposits may never be 

settled, but a mapping exercise may shed some light on the reasons for the disagreement. Figure 

8 shows that researchers’ tendency to believe the Lufilian added ore, not merely remobilized it, 

correlates with proximal position in the Lufilian arc, and with intense metamorphism, as at 
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Luiswishi (Debruyne et al., 2013). In the Congolese deposits, farther from the higher-grade 

metamorphism, researchers tend to interpret the Lufilian episode as remobilization rather than 

supplementation. This probably indicates that remobilization was more thorough in Zambia. As 

Marshall and Gilligan (1993) remarked, the more thorough a remobilization is, the harder it can 

be to distinguish from ore addition.  

At TFM, the evidence is definitive in favor of minor metal remobilization without 

addition. Lufilian dolomite veins occur everywhere but contain ore only where disseminated 

sulfides are within 10 m, usually less (Appendix A). The richest veins have sulfide-depleted 

envelopes, a feature also noted at Musoshi (Richards et al., 1988a) and at Konkola (Torremans et 

al., 2013). There is abundant ore-stage pyrite among the disseminated sulfides, but hardly any in 

the veins. This would be a strange primary assemblage, but because pyrite is notoriously 

refractory and not likely to remobilize easily, it agrees well with the interpretation of 

remobilization (see Barton and Skinner, 1979, Fig. 7-17). Lastly, the disseminated and vein ore 

minerals are similar to each other and are a geologically uncommon metal association (Selley et 

al., 2005). The odds are slim that two independent mineralization episodes would both involve 

Cu, Co, Fe, and no other metals. Similar considerations about probability led Chukrov (1971) to 

interpret vein sulfide from Dzhezkazgan as remobilized.  

It is more likely that orogenic mineralization unrelated to the existing stratiform Cu and 

Co would create vein deposits with a different metal suite, and this is exactly what is found at 

Kansanshi (Cu-Mo; Torrealday et al., 2000), Shinkolobwe (U, Mo, Ni, Co, Cu and REEs, Selley 

et al., 2005), Kipushi (Zn, Cu; Van Wilderode et al., 2013), and the other vein- and breccia-type 

deposits higher in the Copperbelt stratigraphy. At Musoshi, U-Th mineralization was 
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superimposed on a preexisting stratiform Cu deposit in the Zambian Ore Shale (Richards et al., 

1988a, b); Cailteux (1977) also interprets U mineralization and magnesite at Kakanda and 

Kamoya as Lufilian overprints. The textures, occurrences, and radiometric dates all agree that the 

vein- and breccia-type deposits higher in the stratigraphy were created during the last stages of 

the Lufilian orogeny or shortly afterward (Torrealday et al., 2000; Barra, 2005; Kamona and 

Friedrich, 2007; Heijlen et al., 2008; Kampunzu et al., 2009; Van Wilderode et al., 2013). No 

orogenic fluid could remobilize Zn, Pb, U, Au, etc., out of Cu, Co, and Fe deposits (though this 

has been proposed; Batumike et al., 2007). In a sense, the Lufilian orogeny did add metals to the 

Copperbelt, but not to the stratiform deposits.  

The Lufilian flow system must have been nearly comparable in size to the one 

responsible for ore-stage mineralization: over the scale of TFM, the dolomite associated with the 

orogeny is almost as uniform in composition as the ore-stage dolomite (Appendix A). Eglinger et 

al. (2013) also found that the REE patterns in U deposits formed at the height of Lufilian 

deformation are the same in the Domes deposits as in the External Fold-and-Thrust belt, 

indicating that the similarity, and thus probably the fluid flow, extended over the regional scale.  

In spite of their acknowledged late origin, the vein- and breccia-type deposits are still 

sometimes interpreted as having precipitated directly out of Neoproterozoic seawater - preserved 

for 200 million years and made responsible for Kipushi in the same articles that discuss the post-

Lufilian origins of its mineralization (Kampunzu et al., 2009; Van Wilderode et al., 2013). The 

suggestion of De Magnée and François (1988) and Heijlen et al. (2008) that the mineralizing 

fluid acquired its salt by dissolving what evaporites were left in the Mines Series is less 

parsimonious but may be preferable.  
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Supergene exposure 

Cenozoic epeirogenic uplift and tropical erosion exposed Cu-Co sulfides to near-

atmospheric conditions and meteoric water, in which they oxidized and released their metals into 

solution (Decrée et al., 2010). There, the metals combined with oxygen or carbonate to form the 

Copperbelt supergene resource.  

Topography and depth determined the nature and location of supergene reworking. The 

exact location of the oxidation front varied with the water table and the structure, as well as with 

the availability of secondary permeability generated by karstification in the dolomite-rich strata 

(De Putter et al., 2010). Trace malachite occurs at > 700 m depth in one Fungurume core (I. Fay, 

unpublished data). This depth is anomalous and may be due to a nearby fault channeling 

oxidizing fluids to greater depths than normal. However, 400-500 m is a typical depth of 

occurrence for cuprite, native Cu, and cobaltoan dolomite in the RSC at TFM and must indicate 

that the oxidizing front penetrated to that level at some point in the supergene history.  

The deepest oxidation occurred in situ, merely changing Cu and Co into different 

minerals occupying the same location. Nearer the surface, oxidation included transport (Fay and 

Barton, 2012). Transport involved decoupling, for cobalt is stable as heterogenite where copper 

is soluble (Chivot et al., 2008). Some of the Co remained to enrich the uppermost soil, and the 

rest of it and the Cu moved downward and precipitated in a rich oxide blanket. This is the 

configuration observed at TFM (Fay and Barton, 2012) and throughout the Congolese side of the 

Copperbelt (Decrée et al., 2010).  
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In contrast to the previous alteration stages, the high degree of variability over short 

distance in the supergene mineralogy and mineral compositions (Appendix A) indicates that 

supergene circulation involved highly localized flow of fluids evolving quickly in composition. 

The originally homogeneous Copperbelt ore-forming system was, by this time, broken up into 

many small systems, united by a common prior history but diverging more and more in later 

alteration.   

 

SOURCE OF THE METALS 

In 2005, Hitzman et al. wrote about sediment-hosted Cu deposits that “Metal sources are 

undoubtedly red-bed sedimentary rocks containing Fe oxyhydroxides capable of weakly binding 

metals,” (emphasis added). In fact, this and every other suggestion about metal sources make up 

the most questionable class of statements in the Copperbelt geological literature. Proposals 

include everything from red beds up to meteorites (Sweeney and Binda, 1994 and references 

therein). There are also suggestions for explosive volcanism (Sweeney and Binda, 1994 and 

references therein), Archaean porphyry deposits (Cailteux et al., 2005), various other basement 

rocks (De Magnée and François, 1988), detrital metals (Paltridge, 1968; Whyte and Green, 1971; 

Binda, 1975), amphibolite sills (Annels, 1984), and hotspots (Sawkins, 1976). Eighty years of 

research have failed to settle the question.  

The meteorites, hotspots, and explosive volcanism will not be discussed here. Regarding 

the others, red beds are known to provide Cu for other sediment-hosted deposits, including the 

Kupferschiefer (Wedepohl, 1994); Redstone (Lustwerk and Rose, 1983), Spar Lake (Hayes et 

al., 2012), and Lisbon Valley (Breit and Meunier, 1990). However, Hitzman (2000) showed that 
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there are not enough red beds associated with the Zambian rocks to supply the Copperbelt’s Cu, 

and suggested that somewhere there must exist another, larger source basin from which the 

deposits have been tectonically displaced.  

The same mass-balance objection applies to Annels’ and Simmonds’ (1984) idea that the 

Cu and Co came from the magma that produced amphibolite sills in the higher Roan stratigraphy 

at Chambishi. The average basalt contains about 50 ppm Co and 94 ppm Cu. Producing a the 

Copperbelt’s >100-Mt resource would require a mafic body the size of a small batholith. No such 

intrusions have been discovered or indicated by geophysical exploration.  

Various basement sources are popular. As discussed above, the highly radiogenic Sr 

isotope signature of the Copperbelt ore-stage dolomite shows that it interacted with basement 

rocks (Hedge, 1966), so it may have derived its metals from them. A crustal, relatively felsic 

source also explains the Pb isotope values from Musoshi Cu mineralization (Richards et al., 

1988b). Cailteux et al. (2005) suggest the Cu came from Paleoproterozoic porphyry Cu deposits 

observed in the Bangweulu block, combined with Co from Cu-Co-Ni occurrences in the Archean 

craton of Zimbabwe. This provides the Copperbelt with the Cu-Co-Ni-Pb-Zn-U-Au-Ag-REE 

association that represents the sum of the metals in all its stratiform deposits, but presumes that 

all of the metals and deposits formed in the same event and thus required the same source. This 

may or may not be the case, but even if the Cu-Co deposits formed separately from the deposits 

of other metals, these and the other basement rocks suggested are viable sources. Bernau (2007) 

has suggested that Zambian basement-hosted deposits such as Lumwana (Zambia) may represent 

the remnants of a pre-Katangan Cu-Co-(Ni) resource partly mobilized into the Copperbelt.  
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The validity of any of the proposed basement sources depends on a chemical leaching 

process. Derivation by mechanical weathering – i.e., the view that the sulfide ores are reworked 

detrital sulfides (Whyte and Green, 1971; Binda, 1975) – does not explain the voluminous ore-

stage dolomitic alteration, the radiogenic Sr of the ore-stage dolomite, or the difficulty of 

transporting sulfide grains from weathering outcrops to the bottom of a basin without oxidation. 

Furthermore, this mode of accounting for the mineralization only erodes one Copperbelt into 

another without shedding light on the metals’ original source.  

 

THE COPPERBELT AND OTHER SEDIMENT-HOSTED SYSTEMS 

Various aspects of Copperbelt geology have inspired comparisons to other sediment-

hosted base metal systems. The Copperbelt compares in size of resource with the Midcontinent 

MVTs; its sulfide zoning is a more complicated version of the Kupferschiefer’s; its sedimentary 

lithologies, connection with evaporites, and possible relationship to a Precambrian rift are 

reminiscent of the Dongchuan Cu mineralization (Huichu et al., 1991) and the Dzhezkazgan and 

Udokan deposits (Chukrov, 1971).  

Of all sediment-hosted base metal systems, the Permian Kupferschiefer basin in Europe 

is most often compared to the Copperbelt (e.g., Lefebvre, 1989b). In part this is because the 

Kupferschiefer’s location and long exploration history have made it one of the best-studied 

metalliferous regions in the world; in part, it is because the Kupferschiefer looks like what the 

Copperbelt might have been were it not tectonically dismembered. The sulfide zoning pattern 

glimpsed in the Copperbelt is clearly seen in the Kupferschiefer, and redbeds and evaporites can 

be observed rather than conjectured (Kucha and Pawlikowski, 1986). Like the Copperbelt, the 
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Kupferschiefer ores were considered syngenetic until the slight discordance of sulfide and 

lithofacies zoning became evident (Rentzsch, 1974). Hypotheses of mineralization processes in 

the Copperbelt owe a great deal to the obvious redox control reflected in Kupferschiefer sulfide 

zoning (Lur’ye, 1978; Hitzman et al., 2005).  

In overall geological situation, southern Australia’s Flinders Range may offer the best 

comparison to the Copperbelt. The Flinders rocks, like the Roan, are metamorphosed 

Neoproterozoic basinal sedimentary rocks, mostly shales and carbonates deposited in an arid rift 

where evaporites also formed (Klingmueller, 1971). Like the Roan Supergroup, the Flinders 

strata underwent low-T salt-tectonic deformation during orogeny, becoming the Adelaide Fold 

Belt (ca. 509 Ma; Mackay, 2011). Unlike the Copperbelt, mineralization in the Flinders is scanty. 

A few small Cu deposits appear to have formed where fluids percolated through high-

permeability zones. The hypogene Cu consists of chalcocite and chalcopyrite in a quartz-calcite-

dolomite gangue, an alteration mineralogy also similar to the Copperbelt’s (Klingmueller, 1971). 

The Flinders had very similar age, depositional setting, paleoenvironment, alteration, 

deformation history, and alteration to the Copperbelt. It had everything except, perhaps, an 

adequte metal source.  

 

CONCLUSION 

The mineral assemblage and mineral distribution patterns, elemental and isotopic 

geochemistry, paragenesis, and probable altering and mineralizing processes at TFM all are 

consistent with the general evolution of sediment-hosted stratiform deposits in the Central 

African Copperbelt. The similarities among Copperbelt deposits, including TFM, are most 
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pronounced in alteration prior to and during the main ore stage, and the principal geological 

differences among them mostly date from the Lufilian orogeny and afterwards.  

Anhydrite, framboidal pyrite, and a now-replaced carbonate formed early, probably 

precipitated from seawater or seawater-derived brine in the basin. The main ore stage followed, 

producing Cu-Co and Cu-Fe sulfides whose lateral continuity, consistency in zoning and 

stratigraphic occurrence, and spatial uniformity in composition indicate a large-scale 

mineralizing process. So does the ore-stage dolomite, which does not vary in composition or 

isotopic signature over > 25 km – suggesting comparisons with the Midcontinent MVTs and 

perhaps a basin-scale system operating in the Copperbelt at that time. The fluid system would 

have required a large drive such as basinal compaction, glacial unloading, topography, or 

compressional stress. Any or all of these could have been viable drivers, depending on the timing 

of mineralization.  

The evidence about the timing of the main ore stage is equivocal, but at TFM as at many 

of the other Copperbelt deposits, textural evidence favors diagenetic or epigenetic 

metallogenesis. Much of the support voiced in the literature for early diagenetic or syndiagenetic 

mineralization arises from the confusion of the extant ore-stage dolomite with the early 

carbonate it replaced. The ore-stage dolomite inherited some C and O isotopic influence from the 

early carbonate and thus reflects Neoproterozoic seawater at secondhand, but its Sr isotope ratio 

clearly shows the influence of basement or basement-derived rocks. The basement may have 

provided the metals as well as the Sr, but about the Cu and Co source of the Copperbelt there are 

more options than data. Several trapping mechanisms are possible for the main ore stage; the 
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likeliest is the increase in sulfide concentration where the mineralizing brine moved from an 

algal dolomite into a pyritic shale.  

After mineralization, the Lufilian orogeny deformed and moved the rocks, affecting the 

ores in ways not yet entirely clear, but obviously variable over distance. At TFM the orogeny 

merely remobilized a few of the sulfides and precipitated another stage of dolomite, but in more 

intensely metamorphosed parts of the Copperbelt, remobilization was so extensive and intense 

that it can be taken for ore addition. The Lufilian orogeny did add new metals in discrete deposit 

types, forming the vein- and breccia- type Pb-Zn-Cu-Au-Ag-U-REE-PGE deposits higher in the 

Katangan Sequence stratigraphy, but there is no convincing evidence that it added more Cu, Co, 

and Fe to the stratiform deposits. Subsequent supergene alteration, dominated by highly localized 

fluid systems, turned the exposed part of the sulfide stratiform resource into the near-surface 

oxides and carbonates mined today.  
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FIGURE CAPTIONS 

Figure C.1. Map of the Central African Copperbelt.  

Figure C.2. Stratigraphic column of the Katangan Sequence, focused on the stratigraphy and 

sedimentology of the Lower Roan Mines Series at TFM.  

Figure C.3. Comparison of various opinions on the timing of the main ore stage in the 

Copperbelt. Cf. Selley et al. (2005), Figure A6 (appendix).  
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Figure C.4. Compilation from the literature of interpreted parageneses for Copperbelt 

deposits, as well as two overall sequences from Cailteux et al. (2005) and Woodhead 

(2013) for the Congolese and Zambian sides respectively. The onset of the Lufilian 

orogeny is marked by a red line for all those references in which the paragenetic sequence 

or the text contained enough information to determine it.  

Figure C.5. Crossplot of C and O isotopic data reported in Copperbelt literature. Some of the 

values are similar to Selley et al. (2005), Figure A10 (appendix). Data are in Table C.3.  

Figure C.6. Fugacity diagram showing the stabilities of the main ore minerals and related 

phases from 50 to 300 ˚C at Fe saturation. Thermodynamic data from Barton and Skinner 

(1979) and SUPCRT92 (Johnson et al., 1992). See text for discussion. Co = cobalt, Co-pn 

= cobalt pentlandite, Co-sp = cobalt spinel, lin = linnaeite, cat = cattierite, carr = carrollite, 

cc = chalcocite, bn = bornite, cpy = chalcopyrite, cupr = cuprite, ten = tenorite, cov = 

covellite, mt = magnetite, hem = hematite, po = pyrrhotite, py = pyrite.  

Figure C.7. Sulfide δ34S in the Copperbelt, as reported in the literature. Data are in Appendix 

Table A1.  

Figure C.8. Map of the Central African Copperbelt, illustrating the correlation between higher 

metamorphic grade and interpreted Lufilian ore addition (red circles), compared to areas of 

lower metamorphic grade, where interpretations favor remobilization only (blue circles). 

The red stars mark areas of Lufilian vein-type mineralization.  The references for each 

mark are in Table 2. All dates are from Selley et al. (2005), Appendix Table A2.  
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TABLE CAPTIONS 

Table C.1. Summary of various interpretations of the metallogenetic role of the Lufilian 

orogeny, taken from the Copperbelt literature.  

Table C.2. References used in creating Figure 8.  

Table C.3. Compilation of S, O, and C isotope data in the Central African Copperbelt. 

Sample descriptions and locations are as given in the references cited.  
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Figure C.4 (continued): 
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TABLES 

Table C.1: 
Reference Sites Number of 

major 
mineralizing 
events 

Timing of main-stage 
mineralization 

Lufilian 
remobilized? 

Lufilian 
added? 

Source of evidence cited 

Dewaele et al., 2006 Kamoto, Musonoi 
(DRC) 

2 early diagenesis yes yes petrography, bimodal fluid 
inclusion T and salinity 

Brems et al., 2009 Nkana (Zambia) 2-4 early diagenesis yes yes petrography, orebody occurrence 
in fold hinges 

Barra et al., 2003 Konkola, 
Nchanga, 
Chibuluma, 
Nkana (Zambia) 

2-3 diagenetic, ca. 816 Ma unspecified yes, twice Re-Os dates 

El Desouky et al., 2009 Luiswishi, 
Kamoto (DRC) 

2 or more early diagenesis yes yes bimodal fluid inclusion T and 
salinity 

El Desouky et al., 2010 Luiswishi, 
Kamoto (DRC) 

2 early diagenesis yes yes, once S,C,O isotopes, Rb/Sr, occurrence 
styles and textural relationships of 
sulfides 

Lerouge et al., 2005 Luiswishi (DRC) 2 syndiagenetic yes no petrography, S isotopes  

Sillitoe et al., 2010 General DRC and 
Zambian deposits 

1 Lufilian no entire similarity of vein and disseminated 
sulfide assemblages 

Croaker, 2011 Nkana (Zambia) 2 late diagenesis yes no folded orebodies, ore mineralogy 
controlled by lithology, stable 
isotopes, sulfide paragenesis 

McGowan et al., 2003 Nchanga 
(Zambia) 

1 Basin inversion at onset of 
Lufilian 

n/a entire S isotopes, orebody occurrence 
along thrust features 

McGowan et al., 2006 Nchanga 
(Zambia) 

1? Basin inversion at onset of 
Lufilian 

n/a entire S,C,O isotopes, flinc T-sal, 
orebody occurrence along thrust 
features 
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Cailteux et al., 2005 General DRC 
Copperbelt 

2-3 synsedimentary to early 
diagenetic 

local no petrography, xcutting rel., sulfide 
parageneses and zoning 

Cailteux et al., 1994 General 
Copperbelt 

2 synsedimentary to early 
diagenetic 

local no  petrography, sulfide zoning, ore 
mineralogy controlled by lithology 

Muchez et al.,2010 Nkana (Zambia) 2-4 early diagenesis yes yes S,C,O,Sr isotopes, flinc T and 
salinity 

Greyling et al., 2002 Chambishi 
(Zambia) 

2-3 early diagenesis yes no flinc P-T, salinity 

Greyling, 2009 Chambishi, 
Nkana, Nchanga, 
Mufulira 
(Zambia) 

2 early diagenesis yes no flinc T, salinity, stable isotopes 

Torremans et al., 2013 Konkola (Zambia) 2-4 diagenetic, pre-metamorphic yes no  petrography, S isotopes. 
distribution of mineralized veins 

Steven and 
Armstrong, 2003 

Kalumbila 
(Zambia) 

1 syndiagenetic local no sulfide textures 

Sutton and Maynard, 
2005 

Konkola North 
(Zambia) 

1? syn- to post-metamorphic local entire  sulfide distribution and textures, 
petrography 

Sweeney et al., 1991 General Zambian 
Copperbelt 

2 synsedimentary to early 
diagenetic 

local unspecifie
d 

sulfide textures, folded ore; ore 
mineralogy controlled by 
lithology; carr textures indicate 
original high porosity 

Haest and Muchez, 
2011 

General 
Copperbelt 

2 early diagenesis (c. 820 Ma) yes no in 
DRC, yes 
in Zambia 

S, Sr isotopes 

Roberts et al., 2009 Nchanga 
(Zambia) 

1? unspecified unspecified no  carbonate REE and Sr/Sr 

Richards et al.,  1988a Musoshi (Zambia) ? early diagenesis yes no Fluid inclusions in veins and ore 
depletion around vein edges 
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Table C.2: 
Deposit Lufilian role Reference 

Nkana, Zambia Remobilization Croaker, 2011 
Enrichment/mineralization Barra, 2003; Brems et al., 2009 

Mufulira, Zambia Remobilization Garlick, 1981 
Enrichment/mineralization Gray, 1932 

Chibuluma, Zambia Remobilization Whyte and Green, 1971 
Enrichment/mineralization Barra, 2003 

Chambishi, Zambia Remobilization Greyling et al., 2002; Greyling, 2009 
Nchanga, Zambia Enrichment/mineralization Barra, 2003; McGowan et al., 2006; Greyling, 2009 
Konkola, Zambia Remobilization Barra, 2003; Torremans et al., 2013 
Musoshi, Zambia Remobilization Richards et al., 1988b 

Kansanshi, Zambia Vein mineralization Torrealday et al., 2000; Broughton et al., 2002 
Kipushi, DRC Vein mineralization Lerouge et al., 2005 

Kalumbila, Zambia Remobilization Steven and Armstrong, 2003 
Luiswishi, DRC Remobilization Haest and Muchez, 2011 

Enrichment/mineralization El Desouky et al., 2009, 2010 
Luishya, DRC Remobilization Cluzel, 1986 
Shituru, DRC Remobilization Lefebvre, 1974 

Kambove, DRC Remobilization? Van Langendonck et al., 2013 
Kakanda, DRC Remobilization Cailteux, 1977 

Tenke-Fungurume, DRC Remobilization Appendix A 
Musonoi, DRC Remobilization Dewaele et al., 2006 
Kamoto, DRC Remobilization Dewaele et al., 2006 

Enrichment/mineralization El Desouky et al., 2009, 2010 
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Table C.3: 

# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

1 Chimiwungo Z        13.90 cpy(py) CDT 
1 Chimiwungo Z        15.70 cpy(py) CDT 
1 Chimiwungo Z        12.70 cpy CDT 
1 Chimiwungo Z        3.80 cpy(py) CDT 
1 Chimiwungo Z        4.60 cpy(py) CDT 
1 Chimiwungo Z        16.30 po(cpy) CDT 
1 Chimiwungo Z        16.20 cpy(py) CDT 
1 Chimiwungo Z        16.40 cpy(py) CDT 
1 Chimiwungo Z        13.40 po(cpy) CDT 
1 Chimiwungo Z        18.50 bn(cpy) CDT 
1 Chimiwungo Z        2.60 po(cpy) CDT 
1 Chimiwungo Z        2.30 cpy CDT 
1 Chimiwungo Z        15.20 cpy CDT 
1 Chimiwungo Z        10.00 cpy(py) CDT 
1 Chimiwungo Z        12.80 po(cpy) CDT 
1 Chimiwungo Z        6.90 cpy CDT 
1 Chimiwungo Z        12.60 cpy CDT 
1 Chimiwungo Z        12.60 cpy CDT 
1 Chimiwungo Z        3.00 cpy CDT 
1 Chimiwungo Z        16.50 cpy CDT 
1 Chimiwungo Z        16.60 py CDT 
1 Chimiwungo Z        8.30 cpy CDT 
1 Malundwe Z        9.40 bn(cpy) CDT 
1 Malundwe Z        10.00 bn CDT 
1 Malundwe Z        9.60 cpy CDT 
1 Malundwe Z        9.70 bn(cpy) CDT 
1 Malundwe Z        9.80 cpy(bn) CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

1 Malundwe Z        9.00 bn(cpy) CDT 
1 Malundwe Z        7.00 bn(cpy) CDT 
1 Malundwe Z        5.60 cpy(bn) CDT 
1 Malundwe Z        7.00 cpy(bn) CDT 
1 Malundwe Z        14.00 bn(cpy) CDT 
1 Malundwe Z        15.20 cpy(bn) CDT 
1 Malundwe Z        10.30 cpy(bn) CDT 
1 Malundwe Z        11.70 bn(cpy) CDT 
1 Malundwe Z        12.40 bn(cpy) CDT 
1 Malundwe Z        11.60 bn(cpy) CDT 
1 Malundwe Z        9.60 cpy CDT 
1 Malundwe Z        7.30 bn(cpy) CDT 
1 Malundwe Z        8.00 cpy(bn) CDT 
1 Malundwe Z        8.10 cpy(bn) CDT 
1 Malundwe Z        6.20 background py CDT 
1 Malundwe Z        5.80 background py CDT 
1 Malundwe Z        3.90 background py CDT 
1 Malundwe Z        3.90 background py CDT 
1 Malundwe Z        4.20 background py CDT 
2 Nkana/ 

Mindola 
Z carb  3.2  PDB 23.4  SMOW    

2 Nkana/ 
Mindola 

Z carb  1.4  PDB 20.8  SMOW    

2 Nkana/ 
Mindola 

Z carb  1.8  PDB 21.7  SMOW    

2 Nkana/ 
Mindola 

Z carb  2.4  PDB 22  SMOW    

2 Nkana Z barren zone dol-cal-tlc -7.7  PDB 16.1  SMOW    
2 Nkana Z barren zone dol-cal-tlc   -5.8  PDB 16.1  SMOW    
2 Nkana Z barren zone dol-cal-tlc   -7.8  PDB 13.7  SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

2 Nkana Z barren zone dol-cal-tlc   -6.8  PDB 15.7  SMOW    
2 Nkana Z barren zone dol-cal-tlc   0.9  PDB 19.4  SMOW    
2 Nkana Z barren zone dol-cal-tlc   -2.6  PDB 13.7  SMOW    
2 Nkana Z shale  -15  PDB 15.3  SMOW    
2 Nkana Z carb-rich shale  -14.9  PDB 14.9  SMOW    
2 Nkana Z shale  -16.6  PDB 7.9  SMOW    
2 Nkana Z carb-rich shale  -13.8  PDB 15.7  SMOW    
2 Nkana Z ore shale  -14.1  PDB 12.9  SMOW    
2 Nkana Z related to ore shale  -14  PDB 14.4  SMOW    
2 Nkana Z carb shale  -14  PDB 14.7  SMOW    
2 Nkana Z shale  -13.5  PDB 14.5  SMOW    
2 Nkana Z shale  -14.2  PDB 13.9  SMOW    
2 Nkana Z shale  -14.7  PDB 13.7  SMOW    
2 Nkana Z carb arg  -10.7  PDB 17.1  SMOW    
2 Nkana Z carb arg  -12.1  PDB 20.5  SMOW    
2 Nkana Z carb arg  -12.6  PDB 20.5  SMOW    
2 Nkana Z carb arg  -13.8  PDB 19.9  SMOW    
2 Nkana Z carb arg  -14.6  PDB 17.8  SMOW    
2 Nkana Z carb arg  -14.5  PDB 18.1  SMOW    
2 Nkana Z carb arg  -15.1  PDB 18.7  SMOW    
2 Nkana Z carb arg  -13.9  PDB 14.8  SMOW    
2 Nkana Z arg  -11.2  PDB 15.3  SMOW    
2 Nkana Z carb arg  -11.2  PDB 15.3  SMOW    
2 Nkana Z carb arg  -10.9  PDB 16.3  SMOW    
2 Nkana Z dol-arg  -11.1  PDB 15.4  SMOW    
2 Nkana Z dol-arg  -12.1  PDB 14.9  SMOW    
2 Nkana Z dol-arg  -10.8  PDB 16.4  SMOW    
2 Nkana Z dol-arg  -11.7  PDB 15.8  SMOW    
2 Nkana Z dol-arg  -11.4  PDB 15.3  SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

2 Nkana Z carb-rich dol-arg  -11.3  PDB 15.7  SMOW    
2 Nkana Z arg bed in dol-arg  -12.3  PDB 15.1  SMOW    
2 Nkana Z layer-parallel vn qtz-cal-

mica-(py-cpy) in ore shale 
 -19.8  PDB 16.5  SMOW    

2 Nkana Z layer-parallel vn qtz-cal-
mica-(py-cpy) in ore shale 

 -19.2  PDB 17.1  SMOW    

2 Nkana Z layer-parallel vn qtz-cal-
mica-(py-cpy) in ore shale 

 -16  PDB 16.7  SMOW    

2 Nkana Z layer-parallel vn qtz-cal-
mica-(py-cpy) in ore shale 

 -17.5  PDB 16.7  SMOW    

2 Nkana Z vn cal-qtz-ser-sful, in Ore 
Shale 

 -12.7  PDB 15.2  SMOW    

2 Nkana Z vn qtz-cal-ser in ore shale  -12.9  PDB 13.2  SMOW    
2 Nkana Z folded vn, cal-qtz-ser-sulf in 

ore shale 
 -12.7  PDB 13.6  SMOW    

2 Nkana Z xcut vn dol-cal-mica in ore 
shale 

 -12.8  PDB 16.6  SMOW    

2 Nkana Z xcut vn cal-mica in ore shale  -14.4  PDB 14.4  SMOW    
2 Nkana Z dol-alb-qtz-py in Basal 

Qtzite 
 -5.5  PDB 12.3  SMOW    

2 Nkana Z dol-alb-qtz-py in Basal 
Qtzite 

 -8.5  PDB 13.1  SMOW    

2 Nkana Z dol-alb-qtz-py in Basal 
Qtzite 

 -8.5  PDB 12.5  SMOW    

2 Nkana/ 
Mindola 

Z qtz-fsp-cal ss-arg in 
Mindola Clast. 

 -10.1 whole 
rock 

PDB 13.4 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z arg  -6.6 whole 
rock 

PDB 13.7 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z arg  -8 whole 
rock 

PDB 13.2 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z qtz-fsp-cal ss-arg in 
Mindola Clast. 

 -9.1 whole 
rock 

PDB 13.7 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -11.3 whole 
rock 

PDB 14.6 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -11.8 whole 
rock 

PDB 14.9 whole 
rock 

SMOW    

2 Nkana/ Z dol-arg  -15.1 whole PDB 15.2 whole SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

Mindola rock rock 
2 Nkana/ 

Mindola 
Z dol-arg  -7.4 whole 

rock 
PDB 13.5 whole 

rock 
SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -10.2 whole 
rock 

PDB 16.3 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -13.5 whole 
rock 

PDB 16.9 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -14.4 whole 
rock 

PDB 17.2 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -15 whole 
rock 

PDB 15.4 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -15 whole 
rock 

PDB 15.6 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol-arg  -14.6 whole 
rock 

PDB 15.2 whole 
rock 

SMOW    

2 Nkana/ 
Mindola 

Z dol ss  -8.8 whole 
rock 

PDB 14.8 whole 
rock 

SMOW    

2 Nkana Z cal-mica-trem carb arg  -12.9 whole 
rock 

PDB 14.8 whole 
rock 

SMOW    

2 Nkana Z cal-mica-trem carb arg  -13.6 whole 
rock 

PDB 14 whole 
rock 

SMOW    

2 Nkana Z cal-mica-trem carb arg  -11.6 whole 
rock 

PDB 13.7 whole 
rock 

SMOW    

2 Nkana Z cal-mica-trem carb arg  -10.7 whole 
rock 

PDB 13.7 whole 
rock 

SMOW    

2 Nkana Z cal-mica-trem carb arg  -11.8 whole 
rock 

PDB 13.3 whole 
rock 

SMOW    

2 Nkana Z arg  -7.7 whole 
rock 

PDB 13.3 whole 
rock 

SMOW    

2 Nkana Z arg  -7.9 whole 
rock 

PDB 13.7 whole 
rock 

SMOW    

2 Nkana Z arg  -6.6 whole 
rock 

PDB 14.3 whole 
rock 

SMOW    

2 Nkana Z arg  -7.3 whole 
rock 

PDB 13.9 whole 
rock 

SMOW    

2 Nkana Z arg  -7.3 whole 
rock 

PDB 14 whole 
rock 

SMOW    

2 Nkana Z arg  -6.2 whole PDB 13.5 whole SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

rock rock 
2 Nkana Z carb arg  -16.8 whole 

rock 
PDB 14.7 whole 

rock 
SMOW    

2 Nkana Z carb arg  -16.5 whole 
rock 

PDB 14.9 whole 
rock 

SMOW    

2 Nkana Z carb arg  -17 whole 
rock 

PDB 14.8 whole 
rock 

SMOW    

2 Nkana Z carb arg  -17.2 whole 
rock 

PDB 15.1 whole 
rock 

SMOW    

3 Roan 
extension 

Z qtz vn xcutting Lufubu        13.00 anh CDT 

3 Roan 
extension 

Z nodule in ore shale        16.20 anh CDT 

3 Roan 
extension 

Z bn rim around nodule in ore 
shale 

       -2.60 bn CDT 

3 Roan 
extension 

Z nodule in ore shale        15.90 anh CDT 

3 Roan 
extension 

Z bn rim around nodule in ore 
shale 

       -0.60 bn CDT 

3 Roan 
extension 

Z nodule in ore shale        17.60 anh CDT 

3 Roan 
extension 

Z bn rim around nodule in ore 
shale 

       -1.80 bn CDT 

3 Roan 
Antelope 

Z dol arg        16.10 anh CDT 

3 Nkana South Z qtz vn        19.30 anh CDT 
3 Mindola Z carb vnlet in arg        15.60 gyps CDT 
3 Mindola Z schistose orebody        21.00 anh CDT 
3 Mindola Z lamprophyre dike        17.00 anh CDT 
3 Mindola Z vn in lamprophyre dike        14.20 anh CDT 
3 Mindola Z bn in anh from lamprophyre dike (pair 

with last) 
      2.00 bn CDT 

3 Mombezhi 
Dome 

Z diorite        8.30 py CDT 

3 Mombezhi 
Dome 

Z gabbro        1.00 py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

3 Kalumbila Z gabbro        4.50 py-cpy CDT 
3 Chambishi Z gabbro        5.60 py CDT 
3 Baluba South Z gabbro        7.80 py CDT 
3 Baluba South Z gabbro        4.60 py CDT 
3 Chambishi Z gabbro        9.40 py CDT 
3 Chibuluma Z qtz vn xcutting gabbro        15.70 py-cpy CDT 
3 Kansanshi Z vnlet in gabbro        4.70 py CDT 
3 Baluba? Z lamprophyre dike        4.20 cpy CDT 
3 Baluba? Z lamprophyre dike        3.80 cpy CDT 
3 Ndola East Z mafic sill        12.90 py CDT 
3 Ndola East Z mafic sill        13.00 py CDT 
3 Mtuga Z bio gneiss        8.10 py CDT 
3 Angwa Z chl-amph schist        2.30 py CDT 
3 Angwa Z amph schist        -2.20 cpy CDT 
3 Chizera Z granite        5.00 py CDT 
3 Chizera Z qtz syenite        5.10 py CDT 
3 Kalumbila Z qtz monz        13.40 py CDT 
3 Mufulira Z granite        2.80 py CDT 
3 Bancroft Z average deposit        1.10  CDT 
3 Chambishi Z unspecified        -2.30 cc,cpy,bn  CDT 
3 Chambishi Z unspecified        -0.60 cc,cpy,bn  CDT 
3 Chambishi Z unspecified        3.10 cc,cpy,bn  CDT 
3 Chambishi Z unspecified        -7.10 cc,cpy,bn CDT 
3 Chambishi Z unspecified        -7.50 cc,cpy,bn CDT 
3 Chambishi Z unspecified        -6.00 cc,cpy,bn CDT 
3 Nkana North Z average deposit        6.70 sulfide CDT 
3 Nkana North Z unspecified        3.20 sulfide CDT 
3 Nkana North Z unspecified        4.60 sulfide CDT 
3 Nkana South Z various        3.20 sulfide CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

3 Nkana South Z various        3.60 sulfide CDT 
3 Nkana South Z various        4.00 sulfide CDT 
3 Nkana South Z various        6.10 sulfide CDT 
3 Nkana South Z various        6.30 sulfide CDT 
3 Nkana South Z various        4.30 sulfide CDT 
3 Nkana South Z various        9.30 sulfide CDT 
3 Nkana South Z various        5.10 sulfide CDT 
3 Nkana South Z various        5.30 sulfide CDT 
3 Nkana South Z various        4.50 sulfide CDT 
3 Nkana South Z various        4.60 sulfide CDT 
3 Nkana South Z various        5.60 sulfide CDT 
3 Nkana South Z various        5.80 sulfide CDT 
3 Nkana South Z various        13.20 sulfide CDT 
3 Nkana South Z various        0.80 sulfide CDT 
3 Nkana South Z various        -1.10 sulfide CDT 
3 Nkana South Z various        1.40 sulfide CDT 
3 Nkana South Z various        0.20 sulfide CDT 
3 Nkana South Z various        12.90 sulfide CDT 
3 Nkana South Z various        3.10 sulfide CDT 
3 Nkana South Z various        2.10 sulfide CDT 
3 Nkana South Z various        1.10 sulfide CDT 
3 Nkana South Z various        -0.20 sulfide CDT 
3 Nkana South Z various        5.30 sulfide CDT 
3 Nkana South Z various        8.10 sulfide CDT 
3 Nkana South Z various        11.80 sulfide CDT 
3 Nkana South Z various        6.70 sulfide CDT 
3 Nkana South Z various        19.30 sulfate CDT 
3 Nkana South Z various        10.90 sulfide CDT 
3 Nkana South Z various        4.60 sulfide CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

3 Nkana South Z various        4.30 sulfide CDT 
3 Nkana South Z various        5.80 sulfide CDT 
3 Nkana South Z various        14.40 sulfide CDT 
3 Nkana South Z various        7.50 sulfide CDT 
3 Nkana South Z various        10.70 sulfide CDT 
3 Nkana South Z various        15.00 sulfide CDT 
3 Mufulira Z qtz vn        -10.10 cpy CDT 
3 Mufulira Z qtzite        10.70 py CDT 
3 Nkana Z fspathic qtzite        6.10 bn-(cpy)  CDT 
3 Nkana Z carb shale        -1.10 cpy CDT 
3 Ndola East Z fsp-amph sill        12.90 py CDT 
3 Changwe East Z chl schist        -0.40 bn-cpy CDT 
3 Kipushi C ls        14.80 sphal, gal CDT 
3 Broken Hill Z mass sphal, gal        -16.90 sphal, gal CDT 
3 Kamoto C dol shale        -15.40 bn-cc CDT 
3 Kipushi C carb vnlet in dol        -0.80 cpy CDT 
3 Shinkolobwe C sieg-pitchbl        -0.70 sieg CDT 
3 Mufulira Z vnlet in dol        0.00 cc CDT 
3 Fimpimpa Z frac qtz-dio        -9.90 bn-cpy CDT 
3 Roan 

Antelope 
Z arg        -17.50 bn CDT 

3 Roan 
Antelope 

Z arg        -16.40 bn CDT 

3 Roan 
Extension 

Z various        4.40 sulfide CDT 

3 Roan 
Extension 

Z various        -1.60 sulfide CDT 

3 Roan 
Extension 

Z various        1.00 sulfide CDT 

3 Roan 
Extension 

Z various        -1.00 sulfide CDT 

3 Roan Z various        -3.70 sulfide CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

Extension 
3 Roan 

Extension 
Z various        2.80 sulfide CDT 

3 Roan 
Extension 

Z various        -4.00 sulfide CDT 

3 Roan 
Extension 

Z various        -1.40 sulfide CDT 

3 Roan 
Extension 

Z various        1.10 sulfide CDT 

3 Roan 
Extension 

Z various        3.00 sulfide CDT 

3 Roan 
Extension 

Z various        1.30 sulfide CDT 

3 Roan 
Extension 

Z various        5.20 sulfide CDT 

3 Roan 
Extension 

Z various        3.50 sulfide CDT 

3 Roan 
Extension 

Z various        -1.00 sulfide CDT 

3 Roan 
Extension 

Z various        -0.30 sulfide CDT 

3 Roan 
Extension 

Z various        0.10 sulfide CDT 

3 Roan 
Extension 

Z various        -4.10 sulfide CDT 

3 Roan 
Extension 

Z various        3.00 sulfide CDT 

3 Roan 
Extension 

Z various        0.50 sulfide CDT 

3 Roan 
Extension 

Z various        4.70 sulfide CDT 

3 Roan 
Extension 

Z various        2.80 sulfide CDT 

3 Roan 
Extension 

Z various        0.90 sulfide CDT 

3 Roan 
Extension 

Z various        -0.90 sulfide CDT 

3 Roan Z various        -1.60 sulfide CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

Extension 
3 Roan 

Extension 
Z various        6.30 sulfide CDT 

3 Roan 
Extension 

Z various        11.90 sulfide CDT 

3 Chibuluma Z various deposit average      12.10 sulfide CDT 
3 Gray's Quarry Z Nchanga Granite deposit average      7.60 py-cpy? CDT 
3 Kafue Lufubu Z Lufubu amph-bio schists deposit average      14.30 py-cpy? CDT 
3 Fimpimpa Z fspathized qtz dio deposit average      -5.60 py-cpy? CDT 
3 Mtuga Z bio gneiss, amph schist 

bands 
deposit average      -4.90 sulfides CDT 

3 Kipushi C Kakontwe ls unit average      15.10  CDT 
3 Kipushi C Serie Recurrente unit average      5.10  CDT 
3 Kipushi C calc shale unit average      -2.50 sulfides CDT 
3 Shinkolobwe C various deposit average      2.00 sieg-py CDT 
3 Kamoto Principal various deposit average      -3.60  CDT 
3 Acid 

intrusives 
C acid intrusives unit average      4.70  CDT 

3 Acid 
intrusives 

C acid intrusives unit average      6.70  CDT 

3 Solwezi C strata deposit average      3.80  CDT 
3 Kalaba C strata deposit average      12.80  CDT 
3 Kalumbila C qtz monz        11.30 sulfide CDT 
3 Mujimbeji C various deposit average      -0.40  CDT 
4 Kamoto C Gray R.A.T. Host 

rock 
-3.62 dol PDB -8.22 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-4.21 dol PDB -7.18 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-4.17 dol PDB -7.18 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-4.07 dol PDB -7.15 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-4.32 dol PDB -7.56 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

4 Kamoto C D.Strat. Host 
rock 

-6.33 dol PDB -10.54 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-7.05 dol PDB -10.93 dol PDB    

4 Kamoto C D.Strat. Host 
rock 

-3.89 dol PDB -10.32 dol PDB    

4 Kamoto C R.S.F. Host 
rock 

-4.69 dol PDB -11.15 dol PDB    

4 Kamoto C S.D.B. Host 
rock 

-2.77 dol PDB -14.48 dol PDB    

4 Kamoto C S.D.B. Host 
rock 

-4.90 dol PDB -8.88 dol PDB    

4 Kamoto C S.D.B. Host 
rock 

-2.45 dol PDB -7.89 dol PDB    

4 Kamoto C S.D.B. Host 
rock 

-2.69 dol PDB -8.30 dol PDB    

4 Kamoto C B.O.M.Z. Host 
rock 

0.99 dol PDB -9.43 dol PDB    

4 Kamoto C S.D.-2a+b+c Host 
rock 

0.10 dol PDB -9.34 dol PDB    

4 Kamoto C S.D.-2a+b+c Host 
rock 

0.32 dol PDB -10.15 dol PDB    

4 Kamoto C S.D.-2a+b+c Host 
rock 

1.08 dol PDB -9.06 dol PDB    

4 Kamoto C S.D.-2a+b+c Host 
rock 

1.31 dol PDB -8.40 dol PDB    

4 Kamoto C S.D.-2d Host 
rock 

-2.55 dol PDB -9.70 dol PDB    

4 Kamoto C S.D.-3a Host 
rock 

-1.99 dol PDB -9.41 dol PDB    

4 Kamoto C D.Strat. nodule/ 
layer I 

-7.02 dol PDB -9.79 dol PDB    

4 Kamoto C D.Strat. nodule/ 
layer I 

-7.15 dol PDB -10.21 dol PDB    

4 Kamoto C D.Strat. nodule/ 
layer I 

-5.23 dol PDB -7.67 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-5.67 dol PDB -12.23 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

4 Kamoto C S.D.B. nodule/ 
layer I 

-3.13 dol PDB -12.16 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-2.82 dol PDB -12.37 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-3.00 dol PDB -12.14 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-8.09 dol PDB -10.18 dol PDB    

4 Kamoto C R.S.F. nodule/ 
layer I 

-3.86 dol PDB -12.85 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-8.99 dol PDB -10.95 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-3.32 dol PDB -14.13 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-2.92 dol PDB -11.33 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-7.10 dol PDB -11.25 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-9.93 dol PDB -10.13 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-9.64 dol PDB -10.97 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-9.64 dol PDB -11.30 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-9.77 dol PDB -9.90 dol PDB    

4 Kamoto C S.D.B. nodule/ 
layer I 

-9.77 dol PDB -11.50 dol PDB    

4 Kamoto C Gray R.A.T. Nodules 
II 

-3.75 dol PDB -24.01 dol PDB    

4 Kamoto C S.D.B. Nodules 
II 

-4.47 dol PDB -15.02 dol PDB    

4 Kamoto C S.D.B. Nodules 
II 

-3.92 dol PDB -15.18 dol PDB    

4 Kamoto C D.Strat. Veins -6.02 dol PDB -13.66 dol PDB    
4 Kamoto C D.Strat. Veins -5.86 dol PDB -13.92 dol PDB    
4 Kamoto C D.Strat. Veins -5.87 dol PDB -13.42 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

4 Kamoto C S.D.B. Veins -2.09 dol PDB -12.12 dol PDB    
4 Kamoto C S.D.B. Veins -7.87 dol PDB -11.14 dol PDB    
4 Kamoto C S.D.B. Veins -3.20 dol PDB -13.09 dol PDB    
4 Kamoto C S.D.B. Veins -3.07 dol PDB -12.05 dol PDB    
4 Kamoto C R.S.C. Breccia -5.23 dol PDB -11.58 dol PDB    
4 Kamoto C R.S.C. Breccia -2.68 dol PDB -10.33 dol PDB    
4 Kamoto C R.S.C. Breccia -2.91 dol PDB -11.72 dol PDB    
4 Kamoto C R.S.C. Breccia -1.88 dol PDB -11.15 dol PDB    
4 Kamoto C R.S.C. Breccia -4.85 dol PDB -10.86 dol PDB    
4 Kamoto C R.S.C. Breccia -2.13 dol PDB -10.74 dol PDB    
4 Kamoto C R.A.T. Fe-rich 

dol. 
-2.12 dol PDB -23.98 dol PDB    

4 Kamoto C Gray R.A.T. Fe-rich 
dol. 

-3.16 dol PDB -22.78 dol PDB    

4 Kamoto C R.S.F. Fe-rich 
dol. 

-3.1 dol PDB -19.60 dol PDB    

4 Kamoto C R.S.F. Fe-rich 
dol. 

-2.6 dol PDB -18.86 dol PDB    

4 Kamoto C R.S.F. Fe-rich 
dol. 

-1.07 dol PDB -18.11 dol PDB    

4 Kamoto C R.S.F. Fe-rich 
dol. 

-1.01 dol PDB -17.57 dol PDB    

4 Kamoto C R.S.F. Fe-rich 
dol. 

-1 dol PDB -16.82 dol PDB    

4 Luiswishi C L. Kambove Host 
rock 

-0.99 dol PDB -10.78 dol PDB    

4 Luiswishi C B.O.M.Z. Host 
rock 

-3.86 dol PDB -12.15 dol PDB    

4 Luiswishi C B.O.M.Z. Host 
rock 

-3.98 dol PDB -11.35 dol PDB    

4 Luiswishi C S.D.B. Host 
rock 

-5.53 dol PDB -11.59 dol PDB    

4 Luiswishi C S.D.-3a Host 
rock 

-1.07 dol PDB -12.66 dol PDB    

4 Luiswishi C S.D.B. Host -4.09 dol PDB -10.96 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

rock 
4 Luiswishi C B.O.M.Z. Host 

rock 
-1.4 dol PDB -12.78 dol PDB    

4 Luiswishi C D.Strat. Host 
rock 

-7.76 dol PDB -11.78 dol PDB    

4 Luiswishi C L. Kambove nodule/ 
layer I 

-1.41 dol PDB -11.64 dol PDB    

4 Luiswishi C L. Kambove nodule/ 
layer I 

-2.77 dol PDB -11.54 dol PDB    

4 Luiswishi C D.Strat. nodule/ 
layer I 

-7.64 dol PDB -10.51 dol PDB    

4 Luiswishi C L. Kambove nodule/ 
layer I 

-2.49 dol PDB -12.06 dol PDB    

4 Luiswishi C L. Kambove nodule/ 
layer I 

-1.83 dol PDB -11.03 dol PDB    

4 Luiswishi C L. Kambove nodule/ 
layer I 

-3.36 dol PDB -12.15 dol PDB    

4 Luiswishi C S.D.-3a Nodules 
II 

0.3 dol PDB -12.32 dol PDB    

4 Luiswishi C B.O.M.Z. Nodules 
II  

-7.65 dol PDB -11.15 dol PDB    

4 Luiswishi C B.O.M.Z. Nodules 
II 

-2.52 dol PDB -11.18 dol PDB    

4 Luiswishi C S.D.-2d Veins -4.81 dol PDB -13.49 dol PDB    
4 Luiswishi C R.S.C. Veins -7.41 dol PDB -16.57 dol PDB    
4 Luiswishi C S.D.-3a Veins -4.78 dol PDB -13.18 dol PDB    
4 Luiswishi C L. Kambove Veins -4.17 dol PDB -12.72 dol PDB    
4 Luiswishi C Gray R.A.T. Veins -8.61 dol PDB -14.61 dol PDB    
4 Luiswishi C L. Kambove Breccia -2.07 dol PDB -12.81 dol PDB    
4 Luiswishi C L. Kambove Breccia -5.83 dol PDB -12.98 dol PDB    
4 Luiswishi C S.D.-2a Breccia -2.25 dol PDB -19.07 dol PDB    
4 Luiswishi C S.D.-2b+c Fe-rich 

dol. 
-3.83 dol PDB -19.68 dol PDB    

4 Kamoto C R.S.F. N/L I       0 bn CDT 
4 Kamoto C R.S.F. N/L I       -3.1 bn CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

4 Kamoto C R.S.F. N/L I       -1.8 Cc CDT 
4 Kamoto C R.S.F. N/L I       -1.4 Cc CDT 
4 Kamoto C S.D.B. N/L I       -6 Car CDT 
4 Kamoto C S.D.B. N/L I       -8.1 Car CDT 
4 Kamoto C S.D.B. N/L I       -8.5 Car CDT 
4 Kamoto C S.D.B. N/L I       -10.3 Car CDT 
4 Kamoto C S.D.B. N/L I       -8.7 Car CDT 
4 Kamoto C S.D.B. N/L I       2.2 Car CDT 
4 Kamoto C S.D.B. N/L I       -3.1 Car CDT 
4 Kamoto C S.D.B. N/L I       -4.5 Car CDT 
4 Kamoto C S.D.B. N/L I       -3.8 Car CDT 
4 Kamoto C S.D.B. N/L I       3.1 Car CDT 
4 Kamoto C S.D.B. N/L I       -2.9 Car CDT 
4 Kamoto C S.D.B. N/L I       0.2 Car CDT 
4 Kamoto C S.D.B. N/L I       -2.1 Cc CDT 
4 Kamoto C S.D.B. N/L I       -3.1 Cc CDT 
4 Kamoto C S.D.B. N/L I       -2.6 Cc CDT 
4 Kamoto C S.D.B. N/L I       -2.5 Cc CDT 
4 Kamoto C S.D.-2d Nodules 

II 
      21 Cpy CDT 

4 Kamoto C D.Strat. Veins       -13.1 Car CDT 
4 Kamoto C D.Strat. Veins       -5.8 bn CDT 
4 Kamoto C D.Strat. Veins       -3.8 bn CDT 
4 Kamoto C R.S.C. Breccia       5.2 Car CDT 
4 Kamoto C R.S.C. Breccia       3.7 Car CDT 
4 Kamoto C R.S.C. Breccia       -4.3 Car CDT 
4 Kamoto C S.D.-2d Type I 

Py. 
      2.2 Py CDT 

4 Kamoto C S.D.-2d Type I 
Py. 

      4.2 Py CDT 

4 Kamoto C S.D.-2d Type I       3.2 Py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

Py. 
4 Luiswishi C L. Kambove N/L I       -6.8 Cpy CDT 
4 Luiswishi C L. Kambove N/L I       -6.7 Cpy CDT 
4 Luiswishi C S.D.B. N/L I       -9 Car CDT 
4 Luiswishi C S.D.B. N/L I       -8.4 Car CDT 
4 Luiswishi C Gray R.A.T. N/L I       -0.9 Bor CDT 
4 Luiswishi C Gray R.A.T. N/L I       -2.2 Car CDT 
4 Luiswishi C Gray R.A.T. N/L I       -1 Car CDT 
4 Luiswishi C S.D.-3a Nodules II      -9.2 Cpy CDT 
4 Luiswishi C S.D.-3a Nodules II      -11.4 Cpy CDT 
4 Luiswishi C S.D.-3a Nodules II      -13.1 Cpy CDT 
4 Luiswishi C B.O.M.Z. Veins       -1.8 Cpy CDT 
4 Luiswishi C B.O.M.Z. Veins       -2.2 Cpy CDT 
4 Luiswishi C B.O.M.Z. Veins       -2.1 Cpy CDT 
4 Luiswishi C Gray R.A.T. Veins       19.4 Car CDT 
4 Luiswishi C Gray R.A.T. Veins       18.6 Cpy CDT 
4 Luiswishi C L. Kambove Breccia       -9.7 Cpy CDT 
4 Luiswishi C L. Kambove Breccia       -9.4 cpy CDT 
4 Luiswishi C L. Kambove Breccia       -10.30 cpy CDT 
4 Luiswishi C L. Kambove Type 1 Py      -8.90 py CDT 
4 Luiswishi C L. Kambove Type 1 Py      -8.70 py CDT 
4 Luiswishi C L. Kambove Type 1 Py      -8.90 py CDT 
4 Luiswishi C RSC Type 1 Py      -28.60 py CDT 
4 Luiswishi C RSC Type 1 Py      -28.70 py CDT 
4 Luiswishi C RSC Type 1 Py      -27.90 py CDT 
4 Luiswishi C SD-2b+c Type II Py      6.70 py CDT 
4 Luiswishi C SD-2b+c Type II Py      6.60 py CDT 
4 Luiswishi C RSC Type III Py      1.00 py CDT 
4 Luiswishi C RSC Type III Py      0.30 py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

4 Luiswishi C Dstrat Type III Py      7.90 py CDT 
4 Luiswishi C Dstrat Type III Py      7.70 py CDT 
4 Luiswishi C Dstrat Type III Py      11.30 py CDT 
4 Luiswishi C RSC bx Type IV Py      14.20 py CDT 
4 Luiswishi C RSC bx Type IV Py      14.40 py CDT 
4 Luiswishi C RSC bx Type IV Py      15.10 py CDT 
5 Nchanga Z vn in micaceous shear zone     19.5 qtz SMOW    
5 Nchanga Z vn in micaceous shear zone     19.6 qtz SMOW    
5 Nchanga Z vn in micaceous shear zone     18.2 qtz SMOW    
5 Nchanga Z vn in micaceous shear zone     19.6 qtz SMOW    
5 Nchanga Z Upper Ore bed qtzite with diss sulf, az, mal 13.1 qtz SMOW    
5 Nchanga Z Upper Ore bed     13.4 qtz SMOW    
5 Nchanga Z FW Arkose qtz vn    10.7 qtz SMOW    
5 Nchanga Z Matrix and pebbles above Nchanga Granite 

unconformity 
  12.3  SMOW    

5 Nchanga Z Vn in pink qtzite     15 qtz SMOW    
5 Nchanga Z Pink Qtzite, 

unmineralized 
    14.8 qtz SMOW    

5 Nchanga Z TFQtzite, 
mineralized 

    13.8 qtz SMOW    

5 Nchanga Z Qtz vn in TFQ, 
with bn 

    13 qtz SMOW    

5 Nchanga Z TFQtzite, 
mineralized 

    13.5 qtz SMOW    

5 Nchanga Z Silicified area in 
TFQtzite 

    9.4 qtz SMOW    

5 Nchanga Z TFQtzite, 
mineralized 

    13.3 qtz SMOW    

5 Nchanga Z Qtz vn in banded 
ss-schist 

    19.7 qtz SMOW    

5 Nchanga Z FW Arkose     10.8 qtz SMOW    
5 Nchanga Z Qtz vn, low angle     14.5 qtz SMOW    
5 Nchanga Z Lower Orebody,     13.1 qtz SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

qtz and cc 
5 Mufulira Z Lufubu Basement xcut qtz-anh vn   12 qtz SMOW    
5 Mufulira Z Lufubu Basement xcut qtz-anh vn   13.4 qtz SMOW    
5 Konkola Z FW Ss layer-parallel qtz vn  13.1 qtz SMOW    
5 Konkola Z shale     15.2 qtz SMOW    
5 Konkola Z FW Ss layer-parallel qtz vn  14.2 qtz SMOW    
5 Konkola Z Porous cgl     12 qtz SMOW    
5 Konkola Z Ore shale layer=parallel qtz-bn-cpy-cc-fsp vn 16.8 qtz SMOW    
5 Konkola Z FW Qtzite     10.1 qtz SMOW    
5 Konkola Z FW Qtzite     11.2 qtz SMOW    
5 Chambishi Z ore shale vn with diss sulf   10.9 qtz SMOW    
5 Chambishi Z ore shale vn with diss sulf   11.2 qtz SMOW    
5 Chambishi Z ore shale vn with diss sulf   11.8 qtz SMOW    
5 Chambishi Z ore shale vn with diss sulf   12.1 qtz SMOW    
5 Chambishi Z ore shale vn with diss sulf   11.4 qtz SMOW    
5 Chambishi Z ore shale ore shale, diss sulf   9.5 qtz SMOW    
5 Chambishi Z hangingwall 

metased 
barren qtz-cal vn   12.2 qtz SMOW    

5 Chambishi Z hangingwall 
metased 

barren qtz-cal vn   12.2 qtz SMOW    

5 Chambishi Z host rock near qtz vn   8.9 qtz SMOW    
5 Chambishi Z ore shale bedding-parallel qtz, bn, mal 11.3 qtz SMOW    
6 Luiswishi C SD3b        5.80 cpy1 CDT 
6 Luiswishi C SD3a        -12.30 cpy1 CDT 
6 Luiswishi C SD2d        -11.60 cpy1-2 CDT 
6 Luiswishi C SD2a        -6.90 cpy1 CDT 
6 Luiswishi C RSF        0.00 cpy CDT 
6 Luiswishi C RSF        2.50 cpy1 CDT 
6 Luiswishi C Dstrat        10.90 cpy1-2 CDT 
6 Luiswishi C RATg        17.50 cpy2 CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

6 Luiswishi C SD2d        -14.20 cpy1 CDT 
6 Luiswishi C B.O.M.Z.        -3.10 cpy1 CDT 
6 Luiswishi C RATg        11.30 cpy2 CDT 
6 Luiswishi C SD3b        -8.40 carr1 CDT 
6 Luiswishi C SD3a        -10.20 carr1 CDT 
6 Luiswishi C SD2d        -13.10 carr1-2 CDT 
6 Luiswishi C RSC        -3.20 carr1 CDT 
6 Luiswishi C RSF        -3.00 carr CDT 
6 Luiswishi C RSF        8.40 carr1 CDT 
6 Luiswishi C Dstrat        13.60 carr1-2 CDT 
6 Luiswishi C RATg        10.60 carr2 CDT 
6 Luiswishi C RATg        11.90 carr2 CDT 
7 Nchanga Z unspecified        -17.00 cia py CDT 
7 Nchanga Z unspecified        -16.00 dia py CDT 
7 Nchanga Z unspecified        -11.00 dia py CDT 
7 Nchanga Z unspecified        -10.00 dia py CDT 
7 Nchanga Z unspecified        -9.00 dia py CDT 
7 Nchanga Z unspecified        -8.00 dia py CDT 
7 Nchanga Z unspecified        -2.00 dia py CDT 
7 Nchanga Z Lower Orebody        -2.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        -2.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        -1.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        -1.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        3.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        3.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        4.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        5.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        5.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        5.00 Cu-sulf CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

7 Nchanga Z Lower Orebody        5.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        5.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        6.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        7.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        10.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        10.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        11.00 Cu-sulf CDT 
7 Nchanga Z Lower Orebody        12.00 Cu-sulf CDT 
7 Nchanga Z Upper Orebody        6.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        6.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        6.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        6.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        7.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        7.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        7.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        7.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        8.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        8.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        8.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        9.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        9.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        9.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        9.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        9.00 Cu-Co-sulf CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

7 Nchanga Z Upper Orebody        10.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        10.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        10.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        10.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        10.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        12.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        12.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        12.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        12.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        12.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        13.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        14.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        15.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        15.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        15.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        15.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        16.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        16.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        16.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        16.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        16.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        17.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        17.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        17.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        17.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        18.00 Cu-Co-sulf CDT 
7 Nchanga Z Upper Orebody        11.00 py CDT 
7 Nchanga Z Upper Orebody        12.00 py CDT 
7 Nchanga Z Upper Orebody        12.00 py CDT 
7 Nchanga Z Upper Orebody        13.00 py CDT 
7 Nchanga Z Upper Orebody        13.00 py CDT 
7 Nchanga Z Upper Orebody        14.00 py CDT 
7 Nchanga Z Upper Orebody        14.00 py CDT 
7 Nchanga Z Upper Orebody        14.00 py CDT 
7 Nchanga Z unspecified        22.00 late py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

7 Nchanga Z unspecified        23.00 late py CDT 
7 Nchanga Z unspecified        23.00 late py CDT 
7 Nchanga Z high-angle 

basement+lower 
arkose 

    11 qtz SMOW    

7 Nchanga Z high-angle 
basement+lower 
arkose 

    12 qtz SMOW    

7 Nchanga Z high-angle 
basement+lower 
arkose 

    13 qtz SMOW    

7 Nchanga Z Lower Orebody     12 qtz SMOW    
7 Nchanga Z Lower Orebody     16 qtz SMOW    
7 Nchanga Z Lower Orebody     20 qtz SMOW    
7 Nchanga Z Lower Orebody     21 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     14 qtz SMOW    
7 Nchanga Z Upper Orebody     15 qtz SMOW    
7 Nchanga Z shear-related mixed 

arenite and shale 
    15 qtz SMOW    

7 Nchanga Z shear-related mixed 
arenite and shale 

    16 qtz SMOW    

7 Nchanga Z shear-related mixed 
arenite and shale 

    19 qtz SMOW    

7 Nchanga Z shear-related dol 
schist 

    19 qtz SMOW    

7 Nchanga Z shear-related dol 
schist 

    20 qtz SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

7 Nchanga Z shear-related dol 
schist 

    24 qtz SMOW    

7 Nchanga Z Upper Orebody alt     12 dol SMOW    
7 Nchanga Z Upper Orebody alt     13 dol SMOW    
7 Nchanga Z Upper Orebody alt     13 dol SMOW    
7 Nchanga Z Upper Orebody alt     13 dol SMOW    
7 Nchanga Z Upper Orebody alt     14 dol SMOW    
7 Nchanga Z Upper Orebody alt     14 dol SMOW    
7 Nchanga Z shear-zone dol     16 dol SMOW    
7 Nchanga Z shear-zone dol     17 dol SMOW    
7 Nchanga Z dol schist     22 dol SMOW    
7 Nchanga Z dol schist     23 dol SMOW    
7 Nchanga Z dol schist     23 dol SMOW    
7 Nchanga Z dol schist     23 dol SMOW    
7 Nchanga Z ore  -8 dol PDB       
7 Nchanga Z ore  -8 dol PDB       
7 Nchanga Z ore  -7 dol PDB       
7 Nchanga Z ore  -7 dol PDB       
7 Nchanga Z ore  -6 dol PDB       
7 Nchanga Z ore  -6 dol PDB       
7 Nchanga Z shear zone  -4 dol PDB       
7 Nchanga Z shear zone  -3 dol PDB       
7 Nchanga Z Upper Roan  2 ls PDB       
7 Nchanga Z Upper Roan  3 ls PDB       
7 Nchanga Z Upper Roan  3 ls PDB       
8 Kamoto C         -11.00 carr in [anh] CDT 
8 Kamoto C         -9.00 carr in [anh] CDT 
8 Kamoto C         -9.00 carr in [anh] CDT 
8 Kamoto C         -9.00 carr in [anh] CDT 
8 Kamoto C         -7.00 carr in [anh] CDT 



269 
 

# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

8 Kamoto C         -5.00 carr in [anh] CDT 
8 Kamoto C         -3.00 carr in [anh] CDT 
8 Kamoto C         -3.00 carr in [anh] CDT 
8 Kamoto C         -3.00 carr in [anh] CDT 
8 Kamoto C         2.00 carr in [anh] CDT 
8 Kamoto C         3.00 carr in [anh] CDT 
8 Kamoto C         3.00 carr in [anh] CDT 
8 Kamoto C         -3.00 bn in [anh] CDT 
8 Kamoto C         1.00 bn in [anh] CDT 
8 Kamoto C         -3.00 cc in [anh] CDT 
8 Kamoto C         -3.00 cc in [anh] CDT 
8 Kamoto C         -3.00 cc in [anh] CDT 
8 Kamoto C         -3.00 cc in [anh] CDT 
8 Kamoto C         -1.00 cc in [anh] CDT 
8 Kamoto C         -1.00 cc in [anh] CDT 
8 Kamoto C   -7 dol[anh] PDB -11.5 dol[anh] PDB    
8 Kamoto C   -7 dol[anh] PDB -10.4 dol[anh] PDB    
8 Kamoto C   -7 dol[anh] PDB -10 dol[anh] PDB    
8 Kamoto C   -9 dol[anh] PDB -11.8 dol[anh] PDB    
8 Kamoto C   -9 dol[anh] PDB -11.5 dol[anh] PDB    
8 Kamoto C   -9 dol[anh] PDB -11 dol[anh] PDB    
8 Kamoto C   -10 dol[anh] PDB -10.4 dol[anh] PDB    
8 Kamoto C   -5 fg dol PDB -8 fg dol PDB    
8 Kamoto C   -4 fg dol PDB -10.5 fg dol PDB    
8 Kamoto C   -4 fg dol PDB -8.4 fg dol PDB    
8 Kamoto C   -3 fg dol PDB -8.5 fg dol PDB    
8 Kamoto C   -3 fg dol PDB -9.7 fg dol PDB    
8 Kamoto C   -2.5 fg dol PDB -6 fg dol PDB    
8 Kamoto C   -2 fg dol PDB -9.5 fg dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

8 Kamoto C   0 fg dol PDB -9.3 fg dol PDB    
8 Kamoto C   1 fg dol PDB -9.4 fg dol PDB    
8 Kamoto C   1 fg dol PDB -9 fg dol PDB    
8 Kamoto C   1.5 fg dol PDB -8.4 fg dol PDB    
9 Nkana Z Central Orebody nodules -25 dol PDB -16.8 dol PDB    
9 Nkana Z Central Orebody nodules -23 dol PDB -15 dol PDB    
9 Nkana Z Central Orebody nodules -22 dol PDB -16 dol PDB    
9 Nkana Z Central Orebody nodules -17 dol PDB -15.5 dol PDB    
9 Nkana Z Central Orebody nodules -16.5 dol PDB -16 dol PDB    
9 Nkana Z Central Orebody nodules -16 cal PDB -15 cal PDB    
9 Nkana Z Central Orebody nodules -15.5 cal PDB -15.8 cal PDB    
9 Nkana Z Central Orebody nodules -15 cal PDB -15.6 cal PDB    
9 Nkana Z Central Orebody nodules -11 cal PDB -17 cal PDB    
9 Nkana Z South Orebody irreg vns -16 dol PDB -16.8 dol PDB    
9 Nkana Z South Orebody irreg vns -15.4 cal PDB -15.3 cal PDB    
9 Nkana Z South Orebody irreg vns -13.4 cal PDB -15.3 cal PDB    
9 Nkana Z South Orebody irreg vns -13.2 cal PDB -15.9 cal PDB    
9 Nkana Z South Orebody irreg vns -13 cal PDB -17 cal PDB    
9 Nkana Z South Orebody irreg vns -12 cal PDB -15 cal PDB    
9 Nkana Z South Orebody layer-

parallel vns 
-15.8 cal PDB -15.3 cal PDB    

9 Nkana Z South Orebody layer-
parallel vns 

-15 dol PDB -15.9 dol PDB    

9 Nkana Z South Orebody layer-
parallel vns 

-12.8 cal PDB -15.2 cal PDB    

9 Nkana Z South Orebody layer-
parallel vns 

-12 cal PDB -15.1 cal PDB    

9 Nkana Z Central Orebody layer-
parallel vns 

-13 cal PDB -16.5 cal PDB    

9 Nkana Z Central Orebody layer-
parallel vns 

-12.4 cal PDB -16.6 cal PDB    

9 Nkana Z Central Orebody layer- -12 cal PDB -16.8 cal PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

parallel vns 
9 Nkana Z Central Orebody layer-

parallel vns 
-11.8 cal PDB -16.9 cal PDB    

9 Nkana Z Central Orebody layer-
parallel vns 

-11.6 cal PDB -17 cal PDB    

9 Nkana Z Central Orebody layer-
parallel vns 

-11.6 cal PDB -17.1 cal PDB    

9 Nkana Z Central Orebody massive vns -13.6 cal PDB -15.5 cal PDB    
9 Nkana Z Central Orebody massive vns -13.5 cal PDB -16 cal PDB    
9 Nkana Z Central Orebody massive vns -10 cal PDB -16.8 cal PDB    
9 Nkana Z Central Orebody massive vns -9 cal PDB -17.1 cal PDB    
9 Nkana Z Central Orebody massive vns -8.2 cal PDB -17.2 cal PDB    
9 Nkana Z Central Orebody massive vns -8 cal PDB -17.1 cal PDB    
9 Nkana Z South Orebody massive vns -13.6 cal PDB -15.6 cal PDB    
9 Nkana Z South Orebody massive vns -8.8 cal PDB -16.8 cal PDB    
9 Nkana Z South Orebody massive vns -6.6 cal PDB -17.2 cal PDB    
9 Nkana Z South Orebody massive vns -5.2 cal PDB -17.7 cal PDB    
9 Nkana Z  nodule       -7.00 sulfide CDT 
9 Nkana Z  nodule       -7.00 sulfide CDT 
9 Nkana Z  nodule       -7.00 sulfide CDT 
9 Nkana Z  nodule       -5.00 sulfide CDT 
9 Nkana Z  nodule       1.00 sulfide CDT 
9 Nkana Z  nodule (massive)      17.00 sulfate CDT 
9 Nkana Z  nodule (massive)      17.00 sulfate CDT 
9 Nkana Z  nodule (massive)      17.00 sulfate CDT 
9 Nkana Z  nodule (massive)      17.00 sulfate CDT 
9 Nkana Z  nodule (massive)      19.00 sulfate CDT 
9 Nkana Z  lens       -16.00 py CDT 
9 Nkana Z  lens       -15.00 py CDT 
9 Nkana Z  lens       -13.00 py CDT 
9 Nkana Z  lens       -9.00 py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

9 Nkana Z  disseminated      -15.00 py CDT 
9 Nkana Z  layer-parallel vns      -9.20 sulfide CDT 
9 Nkana Z  layer-parallel vns      -7.00 sulfide CDT 
9 Nkana Z  layer-parallel vns      -7.00 sulfide CDT 
9 Nkana Z  layer-parallel vns      -5.00 sulfide CDT 
9 Nkana Z  layer-parallel vns      -5.00 sulfide CDT 
9 Nkana Z  irregular vns      -7.00 sulfide CDT 
9 Nkana Z  irregular vns      -7.00 sulfide CDT 
9 Nkana Z  irregular vns      -7.00 sulfide CDT 
9 Nkana Z  irregular vns      -3.00 sulfide CDT 
9 Nkana Z  irregular vns      -3.00 sulfide CDT 
9 Nkana Z  massive sulfide      1.00 sulfide CDT 
9 Nkana Z  massive sulfide      1.00 sulfide CDT 
9 Nkana Z  massive sulfide      1.00 sulfide CDT 
9 Nkana Z  massive sulfide      1.00 sulfide CDT 
9 Nkana Z  massive sulfide      1.00 sulfide CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -11.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -10.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -9.00 cpy CDT 
10 Kamoa C Nguba        -8.00 cpy CDT 
10 Kamoa C Nguba        -8.00 cpy CDT 
10 Kamoa C Nguba        -8.00 cpy CDT 
10 Kamoa C Nguba        -8.00 cpy CDT 
10 Kamoa C Nguba        -7.00 cpy CDT 
10 Kamoa C Nguba        -7.00 cpy CDT 
10 Kamoa C Nguba        -7.00 cpy CDT 
10 Kamoa C Nguba        -6.00 cpy CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

10 Kamoa C Nguba        -6.00 cpy CDT 
10 Kamoa C Nguba        -6.00 cpy CDT 
10 Kamoa C Nguba        -6.00 cpy CDT 
10 Kamoa C Nguba        -5.00 cpy CDT 
10 Kamoa C Nguba        -5.00 cpy CDT 
10 Kamoa C Nguba        -5.00 cpy CDT 
10 Kamoa C Nguba        -4.00 cpy CDT 
10 Kamoa C Nguba        0.00 cpy CDT 
10 Kamoa C Nguba        -11.00 py CDT 
10 Kamoa C Nguba        -11.00 py CDT 
10 Kamoa C Nguba        -11.00 py CDT 
10 Kamoa C Nguba        -11.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -10.00 py CDT 
10 Kamoa C Nguba        -9.00 py CDT 
10 Kamoa C Nguba        -9.00 py CDT 
10 Kamoa C Nguba        -9.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
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 sample description C C min C 
scale 

O O min O scale S S min S scale 

10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -8.00 py CDT 
10 Kamoa C Nguba        -7.00 py CDT 
10 Kamoa C Nguba        -7.00 py CDT 
10 Kamoa C Nguba        -6.00 py CDT 
10 Kamoa C Nguba        -5.00 py CDT 
10 Kamoa C Nguba        -4.00 py CDT 
10 Kamoa C Nguba        -4.00 py CDT 
10 Kamoa C Nguba        -4.00 py CDT 
10 Kamoa C Nguba        -2.00 py CDT 
10 Kamoa C Nguba        -2.00 py CDT 
10 Kamoa C Nguba        -2.00 py CDT 
10 Kamoa C Nguba        -1.00 py CDT 
10 Kamoa C Nguba        0.00 py CDT 
10 Kamoa C Nguba        1.00 py CDT 
10 Kamoa C Nguba        2.00 py CDT 
10 Kamoa C Mwashya        9.00 py CDT 
10 Kamoa C Mwashya        11.00 py CDT 
10 Kamoa C Mwashya        15.00 py CDT 
10 Kamoa C Mwashya        16.00 py CDT 
10 Kamoa C Nguba        -11.00 bn CDT 
10 Kamoa C Nguba        -11.00 bn CDT 
10 Kamoa C Nguba        -10.00 bn CDT 
10 Kamoa C Nguba        -10.00 bn CDT 
10 Kamoa C Nguba        -7.00 bn CDT 
10 Kamoa C Nguba        -5.00 bn CDT 
10 Kamoa C Nguba        -5.00 bn CDT 
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 sample description C C min C 
scale 

O O min O scale S S min S scale 

10 Kamoa C Nguba        -1.00 bn CDT 
10 Kamoa C Nguba        0.00 bn CDT 
10 Kamoa C Nguba        -6.00 po CDT 
10 Kamoa C Nguba        16.00 anh CDT 
10 Kamoa C Nguba        17.00 anh CDT 
10 Kamoa C Nguba        20.00 anh CDT 
10 Kamoa C Nguba        20.00 anh CDT 
10 Kamoa C Nguba        20.00 anh CDT 
10 Kamoa C Nguba        20.00 anh CDT 
10 Kamoa C Nguba        20.00 anh CDT 
10 Kamoa C Nguba        21.00 anh CDT 
10 Kamoa C mafics        21.00 sphal CDT 
10 Kamoa C mafics        28.00 sphal CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -6.59 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite, same sample  as above  -6.33 cpy CDT 
11 Konkola Z Ore shale Carrollite, same sample  as above    -6.16 carr CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -7.03 cpy CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -6.60 cpy CDT 
11 Konkola Z Ore shale Carrollite, same sample  as above    -5.88 carr CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -5.96 cpy CDT 
11 Konkola Z Ore shale Chalcopyrite from lenticle core,  same sample  as above -6.12 cpy CDT 
11 Konkola Z Ore shale Chalcopyrite from lenticle edge,  same lenticle as above -5.73 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite, same sample  as above  -5.94 cpy CDT 
11 Konkola Z Ore shale Carrollite, same sample  as above    -6.14 carr CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -4.25 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite, sample  as 

above 
  -4.29 cpy CDT 

11 Konkola Z Ore shale Lenticle chalcopyrite     -2.77 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite     -1.05 cpy CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -0.40 cpy CDT 



277 
 

# Site Z/ 
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 sample description C C min C 
scale 

O O min O scale S S min S scale 

11 Konkola Z Ore shale Lenticle chalcopyrite     1.08 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite, same sample  as above  0.88 cpy CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     0.99 cpy CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     1.20 cpy CDT 
11 Konkola Z Ore shale Lenticle chalcopyrite     -0.27 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite, same sample  as above  -0.40 cpy CDT 
11 Konkola Z Ore shale Disseminated chalcopyrite     -1.91 cpy CDT 
11 Konkola Z Footwall  

Chalcopyrite from Mbula footwall  orebody, Chingola 
 12.97 cpy CDT 

11 Konkola Z Footwall Coexisting bornite from above  sample,  temperature of 330°  ± 20°C 12.33 bn CDT 
11 Konkola Z Footwall Chalcopyrite approx  5 m below  footwall   8.69 cpy CDT 
11 Konkola Z Footwall Coexisting bornite from same sample  as above  8.59 bn CDT 
11 Konkola Z Footwall As above       8.67 bn CDT 
11 Konkola Z Footwall Euhedral carrollite from footwall  sandstone   -1.05 carr CDT 
11 Konkola Z Footwall As above       -1.20 carr CDT 
11 Konkola Z Footwall As above       -1.33 carr CDT 
11 Konkola Z Footwall Euhedral carrollite from footwall  sandstone   -2.45 carr CDT 
11 Konkola Z Footwall As above       -8.25 carr CDT 
11 Konkola Z Footwall Barite  from vug      6.76 bar CDT 
11 Konkola Z Footwall Interstitial rim cement     -0.98 cc CDT 
11 Konkola Z Footwall Interstitial fg cc      -3.79 cc CDT 
11 Konkola Z Footwall Cc approx 3 cm below footwall    -1.26 cc CDT 
11 Konkola Z Ore shale Cc seam parallel to bedding     0.79 cc CDT 
11 Konkola Z Ore shale Cc seam parallel to bedding     0.78 cc CDT 
11 Konkola Z Ore shale Disseminated carr      -3.96 carr CDT 
11 Konkola Z Ore shale Coexisting pair      -4.55 cpy CDT 
11 Konkola Z Ore shale Coexisting pair      -4.39 bn CDT 
11 Konkola Z Ore shale Cpy with graded bedding     -3.23 cpy CDT 
11 Konkola Z Ore shale Coexisting pair      1.51 cpy CDT 
11 Konkola Z Ore shale Coexisting pair      1.13 bn CDT 
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11 Konkola Z Ore shale Coex pair from partly sulfide-replaced anh nodule  2.63 cpy CDT 
11 Konkola Z Ore shale Coex pair from partly sulfide-replaced anh nodule  2.25 bn CDT 
11 Konkola Z Ore shale Coexisting pair      2.04 cpy CDT 
11 Konkola Z Ore shale Coexisting pair      1.46 bn CDT 
11 Konkola Z Ore shale Coex. Pair from qtz-fsp vn     -1.36 cpy CDT 
11 Konkola Z Ore shale Coex. Pair from qtz-fsp vn     -0.74 bn CDT 
11 Konkola Z Ore shale Coex set from qtz-fsp vn     -5.34 cpy CDT 
11 Konkola Z Ore shale Coex set from qtz-fsp vn     -5.21 bn CDT 
11 Konkola Z Ore shale Coex set from qtz-fsp vn     -4.10 carr CDT 
11 Konkola Z Footwall Qtzite  1.99 cal PDB -19.17 cal PDB    
11 Konkola Z Footwall Qtzite  1.81 cal PDB -19.2 cal PDB    
11 Konkola Z Footwall Arenite  -9.37 Co-dol PDB -9.74 Co-

dol 
PDB    

11 Konkola Z Footwall Arenite  -6.56 Co-dol PDB -4.34 Co-
dol 

PDB    

11 Konkola Z Footwall Arenite  -6.12 Co-dol PDB -4.35 Co-
dol 

PDB    

11 Konkola Z Footwall Arenite  -6.43 Co-dol PDB -6.41 Co-
dol 

PDB    

11 Konkola Z Footwall Arenite  -6.59 Co-dol PDB -6.79 Co-
dol 

PDB    

11 Konkola Z Footwall Arenite  -4.42 dol PDB -8 dol PDB    
11 Konkola Z Footwall Arenite  -5.9 dol PDB -4.82 dol PDB    
11 Konkola Z Ore shale dol -10.16 dol PDB -15.5 dol PDB    
11 Konkola Z Ore shale cal -16.78 cal PDB -14.68 cal PDB    
11 Konkola Z Ore shale layered dol -12.82 dol PDB -14.44 dol PDB    
11 Konkola Z Ore shale lenticle core -9.22  PDB -15.28  PDB    
11 Konkola Z Ore shale lenticle core -8.77  PDB -14.33  PDB    
11 Konkola Z Ore shale lenticle core -9.7  PDB -15.1  PDB    
11 Konkola Z Ore shale lenticle core -10.11  PDB -15.23  PDB    
11 Konkola Z Ore shale lenticle edge -20.52  PDB -14.28  PDB    
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11 Konkola Z Ore shale lenticle edge -20.51  PDB -15.81  PDB    
11 Konkola Z Ore shale lenticle edge -13.13  PDB -15.79  PDB    
12 Konkola Z Ore shale disseminated      -4.40 cc  CDT 
12 Konkola Z Ore shale disseminated      -4.20 cc  CDT 
12 Konkola Z Ore shale disseminated      -3.60 cc  CDT 
12 Konkola Z Ore shale disseminated      -2.60 cc  CDT 
12 Konkola Z Ore shale disseminated      2.00 cc  CDT 
12 Konkola Z Ore shale disseminated      1.30 cc  CDT 
12 Konkola Z Ore shale layer-parallel vns      -4.10 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -3.30 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -4.70 cpy CDT 
12 Konkola Z Ore shale irregular vns      -4.60 cpy CDT 
12 Konkola Z Ore shale irregular vns      -5.00 cpy CDT 
12 Konkola Z Ore shale disseminated      -7.60 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -8.70 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -8.50 cpy CDT 
12 Konkola Z Ore shale cemented lenses      1.40 cpy CDT 
12 Konkola Z Ore shale cemented lenses      -1.10 cpy CDT 
12 Konkola Z Ore shale disseminated      -1.00 cpy CDT 
12 Konkola Z Ore shale disseminated      -1.60 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -2.40 cpy CDT 
12 Konkola Z Ore shale layer-parallel vns      -2.50 cpy CDT 
12 Konkola Z Ore shale cemented lenses      -2.00 cpy CDT 
12 Konkola Z Ore shale disseminated      -4.80 cpy CDT 
12 Konkola Z Ore shale disseminated      -4.60 cpy CDT 
13 Kipushi C Kakontwe Moyen  3.01 dol PDB -4.42 dol PDB    
13 Kipushi C Kakontwe Moyen  3.35 dol PDB -3.58 dol PDB    
13 Kipushi C Kakontwe Moyen  3.07 dol PDB -5.21 dol PDB    
13 Kipushi C Kakontwe Moyen  2.74 dol PDB -3.93 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

13 Kipushi C Kakontwe Moyen  2.71 dol PDB -5.22 dol PDB    
13 Kipushi C Kakontwe Moyen  3.03 dol PDB -6.15 dol PDB    
13 Kipushi C Kakontwe Moyen  2.56 dol PDB -5.68 dol PDB    
13 Kipushi C Kakontwe Inférieur  3.11 dol PDB -5.98 dol PDB    
13 Kipushi C Kakontwe Inférieur  3.22 dol PDB -5.59 dol PDB    
13 Kipushi C Kakontwe Inférieur  3.25 dol PDB -5.12 dol PDB    
13 Kipushi C Kakontwe Inférieur  1.51 dol PDB -5.72 dol PDB    
13 Kipushi C Kakontwe Inférieur  2.92 dol PDB -6.2 dol PDB    
13 Kipushi C Kakontwe Moyen  3.06 dol PDB -3.86 dol PDB    
13 Kipushi C Kakontwe Moyen  3.03 dol PDB -3.31 dol PDB    
13 Kipushi C Kakontwe Moyen  3.05 dol PDB -3.22 dol PDB    
13 Kipushi C Kakontwe Moyen  3.01 dol PDB -3.39 dol PDB    
13 Kipushi C Kakontwe Moyen  2.96 dol PDB -4.24 dol PDB    
13 Kipushi C Kakontwe Moyen  2.44 dol PDB -5.2 dol PDB    
13 Kipushi C Kakontwe Moyen  2.95 dol PDB -4.84 dol PDB    
13 Kipushi C Kakontwe 

Supérieur 
 -0.24 dol PDB -5.41 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 0.47 dol PDB -5.25 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 1.01 dol PDB -4.14 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 0.27 dol PDB -4.94 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 -0.52 dol PDB -9.64 dol PDB    

13 Kipushi C Série Récurrente  0.04 dol PDB -6.09 dol PDB    
13 Kipushi C Série Récurrente  0.28 dol PDB -6.2 dol PDB    
13 Kipushi C Série Récurrente  0.38 dol PDB -6.8 dol PDB    
13 Kipushi C Série Récurrente  -0.74 dol PDB -8.94 dol PDB    
13 Kipushi C Kakontwe Moyen  2.85 dol PDB -4.7 dol PDB    
13 Kipushi C Kakontwe 

Supérieur 
 0.88 dol PDB -7.23 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

13 Kipushi C Kakontwe Moyen  2.25 dol PDB -8.46 dol PDB    
13 Kipushi C Kakontwe Moyen  1.99 dol PDB -8.04 dol PDB    
13 Kipushi C Kakontwe 

Supérieur 
 -0.67 dol PDB -4.56 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 0.5 dol PDB -4.51 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 0.71 dol PDB -5.24 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 1.25 dol PDB -5.22 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 -0.35 dol PDB -4.29 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 -0.34 dol PDB -7.5 dol PDB    

13 Kipushi C Série Récurrente  -1.46 dol PDB -4.35 dol PDB    
13 Kipushi C Kakontwe Moyen  3.44 dol PDB -3.98 dol PDB    
13 Kipushi C Kakontwe Moyen  3.03 dol PDB -5.08 dol PDB    
13 Kipushi C Kakontwe Moyen  2.4 dol PDB -4.46 dol PDB    
13 Kipushi C Kakontwe Moyen  3.16 dol PDB -2.94 dol PDB    
13 Kipushi C Kakontwe Moyen  3.11 dol PDB -2.54 dol PDB    
13 Kipushi C Kakontwe Moyen  2.74 dol PDB -4.29 dol PDB    
13 Kipushi C Kakontwe Moyen  3.09 dol PDB -4.11 dol PDB    
13 Kipushi C Kakontwe Moyen  2.9 dol PDB -5.04 dol PDB    
13 Kipushi C Kakontwe Moyen  3.07 dol PDB -4.13 dol PDB    
13 Kipushi C Kakontwe 

Supérieur 
 1.45 dol PDB -4.4 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 -0.71 dol PDB -4.34 dol PDB    

13 Kipushi C Kakontwe 
Supérieur 

 1.67 dol PDB -5.13 dol PDB    

13 Kipushi C nk  0.79 dol PDB -6.64 dol PDB    
13 Kipushi C nk  -1.5 dol PDB -6.62 dol PDB    
13 Kipushi C nk  2.14 dol PDB -5.56 dol PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

13 Kipushi C –  -1.22 dol PDB -10.36 dol PDB    
13 Kipushi C –  -3.71 dol PDB -11.18 dol PDB    
13 Kipushi C –  -0.43 dol PDB -12.46 dol PDB    
13 Kipushi C –  0.42 dol PDB -7.67 dol PDB    
13 Kipushi C –  -0.23 dol PDB -8.52 dol PDB    
13 Kipushi C –  0.45 dol PDB -8.18 dol PDB    
13 Kipushi C –  -2.85 dol PDB -12.1 dol PDB    
13 Kipushi C –  -3.45 dol PDB -11.43 dol PDB    
13 Kipushi C –  -2.3 dol PDB -12.44 dol PDB    
14 Chambishi Z Kakontwe 

Formation 
 2.526 carb PDB 27.299 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.504 carb PDB 26.683 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.778 carb PDB 27.622 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.693 carb PDB 26.4490 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.805 carb PDB 27.348 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.81 carb PDB 27.791 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.277 carb PDB 27.025 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.51 carb PDB 27.339 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.815 carb PDB 27.861 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.494 carb PDB 28.005 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.268 carb PDB 27.834 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.778 carb PDB 27.017 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.607 carb PDB 28.240 carb SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

14 Chambishi Z Kakontwe 
Formation 

 1.964 carb PDB 27.595 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.678 carb PDB 28.420 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.664 carb PDB 28.862 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.815 carb PDB 28.060 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.607 carb PDB 29.235 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.392 carb PDB 27.480 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.234 carb PDB 28.487 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.556 carb PDB 28.470 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.619 carb PDB 28.532 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.869 carb PDB 28.489 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.523 carb PDB 28.563 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.849 carb PDB 27.712 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.643 carb PDB 28.432 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.799 carb PDB 28.264 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.057 carb PDB 27.286 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.183 carb PDB 29.048 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 0.18 carb PDB 24.533 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.042 carb PDB 27.397 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 -0.109 carb PDB 25.013 carb SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

14 Chambishi Z Kakontwe 
Formation 

 1.765 carb PDB 26.538 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 -4.29 carb PDB 19.151 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 -3.886 carb PDB 20.710 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.784 carb PDB 25.730 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 2.157 carb PDB 27.826 carb SMOW    

14 Chambishi Z Kakontwe 
Formation 

 1.841 carb PDB 26.291 carb SMOW    

14 Chambishi Z Kaponda 
Formation 

 2.343 carb PDB 26.034 carb SMOW    

14 Chambishi Z Kaponda 
Formation 

 2.485 carb PDB 26.186 carb SMOW    

14 Chambishi Z Grand Conglomerat  -4.565 carb PDB 22.843 carb SMOW    
14 Chambishi Z Grand Conglomerat  -5.953 carb PDB 21.594 carb SMOW    
14 Chambishi Z Mwashia  -2.537 carb PDB 21.536 carb SMOW    
14 Chambishi Z Mwashia  0.492 carb PDB 20.26791

35 
carb SMOW    

14 Chambishi Z Mwashia  1.96 carb PDB 21.818 carb SMOW    
14 Chambishi Z Mwashia  2.723 carb PDB 22.990 carb SMOW    
14 Chambishi Z Mwashia  3.677 carb PDB 22.352 carb SMOW    
14 Chambishi Z Mwashia  4.415 carb PDB 23.040 carb SMOW    
14 Chambishi Z Mwashia  4.086 carb PDB 22.616 carb SMOW    
14 Chambishi Z Mwashia  4.109 carb PDB 23.115 carb SMOW    
14 Chambishi Z Mwashia  2.15 carb PDB 23.947 carb SMOW    
14 Chambishi Z Mwashia  4.858 carb PDB 23.083 carb SMOW    
14 Chambishi Z Mwashia  3.335 carb PDB 23.007 carb SMOW    
14 Chambishi Z Upper Roan  4.241 carb PDB 23.186 carb SMOW    
14 Chambishi Z Upper Roan  4.789 carb PDB 23.767 carb SMOW    
14 Chambishi Z Upper Roan  5.399 carb PDB 24.137 carb SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

14 Chambishi Z Upper Roan  5.848 carb PDB 24.487 carb SMOW    
14 Chambishi Z Upper Roan  6.281 carb PDB 24.787 carb SMOW    
14 Chambishi Z Upper Roan  4.103 carb PDB 20.821 carb SMOW    
14 Chambishi Z Upper Roan  5.19 carb PDB 24.286 carb SMOW    
14 Chambishi Z Upper Roan  5.059 carb PDB 23.955 carb SMOW    
14 Chambishi Z Upper Roan  3.744 carb PDB 22.922 carb SMOW    
14 Chambishi Z Upper Roan  5.731 carb PDB 24.068 carb SMOW    
14 Chambishi Z Upper Roan  6.857 carb PDB 25.216 carb SMOW    
14 Chambishi Z Upper Roan  6.035 carb PDB 25.886 carb SMOW    
14 Chambishi Z Upper Roan  6.417 carb PDB 24.387 carb SMOW    
14 Chambishi Z Upper Roan  6.945 carb PDB 24.337 carb SMOW    
14 Chambishi Z Upper Roan  6.451 carb PDB 23.883 carb SMOW    
14 Chambishi Z Upper Roan  5.458 carb PDB 22.652 carb SMOW    
14 Chambishi Z Upper Roan  2.424 carb PDB 21.763 carb SMOW    
14 Chambishi Z Upper Roan  3.444 carb PDB 22.285 carb SMOW    
14 Chambishi Z Upper Roan  3.615 carb PDB 22.354 carb SMOW    
14 Chambishi Z Upper Roan  5.854 carb PDB 22.883 carb SMOW    
14 Chambishi Z Upper Roan  6.694 carb PDB 23.499 carb SMOW    
14 Chambishi Z Upper Roan  -0.099 carb PDB 22.816 carb SMOW    
14 Chambishi Z Upper Roan  3.395 carb PDB 25.163 carb SMOW    
14 Chambishi Z Upper Roan  2.487 carb PDB 29.234 carb SMOW    
14 Chambishi Z Upper Roan  1.12 carb PDB 29.730 carb SMOW    
14 Chambishi Z Upper Roan  0.744 carb PDB 29.195 carb SMOW    
14 Chambishi Z Upper Roan  0.426 carb PDB 28.011 carb SMOW    
14 Chambishi Z Upper Roan  0.763 carb PDB 24.60474

152 
carb SMOW    

14 Chambishi Z Upper Roan  1.823 carb PDB 24.534 carb SMOW    
14 Chambishi Z Upper Roan  1.854 carb PDB 25.787 carb SMOW    
14 Chambishi Z Upper Roan  5.486 carb PDB 24.924 carb SMOW    
14 Chambishi Z Upper Roan  2.748 carb PDB 24.914 carb SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

14 Chambishi Z Upper Roan  3.386 carb PDB 23.522 carb SMOW    
14 Chambishi Z Upper Roan  6.278 carb PDB 25.970 carb SMOW    
14 Chambishi Z Upper Roan  7.036 carb PDB 24.967 carb SMOW    
14 Chambishi Z Lower Roan  -4.659 carb PDB 18.827 carb SMOW    
14 Chambishi Z Lower Roan  7.439 carb PDB 25.013 carb SMOW    
14 Chambishi Z Lower Roan  6.489 carb PDB 25.473 carb SMOW    
14 Chambishi Z Lower Roan  -1.429 carb PDB 19.264 carb SMOW    
14 Chambishi Z Lower Roan  -0.388 carb PDB 19.928 carb SMOW    
14 Chambishi Z Lower Roan  4.593 carb PDB 28.240 carb SMOW    
14 Chambishi Z Lower Roan  7.907 carb PDB 26.005 carb SMOW    
14 Chambishi Z Lower Roan  7.912 carb PDB 27.238 carb SMOW    
14 Chambishi Z Lower Roan  7.734 carb PDB 27.690 carb SMOW    
14 Chambishi Z Lower Roan  4.555 carb PDB 20.957 carb SMOW    
14 Chambishi Z Lower Roan  7.117 carb PDB 20.278 carb SMOW    
14 Chambishi Z Lower Roan  7.174 carb PDB 27.657 carb SMOW    
14 Chambishi Z Lower Roan  4.972 carb PDB 26.859 carb SMOW    
14 Chambishi Z Lower Roan  2.897 carb PDB 24.609 carb SMOW    
14 Chambishi Z Lower Roan  3.621 carb PDB 16.359 carb SMOW    
14 Chambishi Z Mwashia  -2.5 carb PDB 25.4 carb SMOW    
14 Chambishi Z Mwashia  1.6 carb PDB 32.8 carb SMOW    
14 Chambishi Z Mwashia  -2.2 carb PDB 23 carb SMOW    
14 Chambishi Z Mwashia  -3.9 carb PDB 24.1 carb SMOW    
14 Chambishi Z Mwashia  4.2 carb PDB 23.9 carb SMOW    
14 Chambishi Z Mwashia  -0.1 carb PDB 24.9 carb SMOW    
14 Chambishi Z Mwashia  2 carb PDB 24 carb SMOW    
14 Chambishi Z Mwashia  1.8 carb PDB 24.9 carb SMOW    
14 Chambishi Z Mwashia  2.5 carb PDB 25.3 carb SMOW    
14 Chambishi Z Mwashia  3.8 carb PDB 27.3 carb SMOW    
14 Chambishi Z Mwashia  4.1 carb PDB 27 carb SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

14 Chambishi Z Mwashia  3.4 carb PDB 27.2 carb SMOW    
14 Chambishi Z Upper Roan   1.8 carb PDB 22.2 carb SMOW    
14 Chambishi Z Upper Roan   -0.3 carb PDB 24.9 carb SMOW    
14 Chambishi Z Upper Roan   0.1 carb PDB 14.3 carb SMOW    
14 Chambishi Z Upper Roan   0.4 carb PDB 4.5 carb SMOW    
14 Chambishi Z Upper Roan   -1.6 carb PDB 4.3 carb SMOW    
14 Chambishi Z Upper Roan   2.4 carb PDB 5.5 carb SMOW    
14 Chambishi Z Upper Roan   2.5 carb PDB 5 carb SMOW    
14 Chambishi Z Upper Roan   -0.847 carb PDB 18.4 carb SMOW    
14 Chambishi Z Upper Roan   4.6 carb PDB 21.6 carb SMOW    
14 Chambishi Z Upper Roan   2.937 carb PDB 22.4 carb SMOW    
14 Chambishi Z Upper Roan   -6.782 carb PDB 16.2 carb SMOW    
14 Chambishi Z Upper Roan   -7.94 carb PDB 16.2 carb SMOW    
14 Chambishi Z Antelope Clastic 

Member 
 0.604 carb PDB 19.4 carb SMOW    

14 Chambishi Z Chambishi 
Dolomite 

 5.2 carb PDB 25.2 carb SMOW    

14 Chambishi Z Kitwe Formation  3.3 carb PDB 22.2 carb SMOW    
14 Chambishi Z Kitwe Formation  1.2 carb PDB 24 carb SMOW    
14 Chambishi Z Kitwe Formation  -3.7 carb PDB 17.6 carb SMOW    
14 Chambishi Z Kitwe Formation  -17 carb PDB 15.1 carb SMOW    
14 Chambishi Z Kitwe Formation  -19.2 carb PDB 15.1 carb SMOW    
15 Dikulushi C  Cu–Pb–Zn–Fe      -3.50 Chalcopyrite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      4.30 Pyrite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      11.80 Sphalerite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      14.10 Chalcopyrite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      12.20 Galena 1 CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      11.30 Bornite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      13.70 Chalcocite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      13.10 Chalcocite CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

15 Dikulushi C  Cu–Pb–Zn–Fe      13.30 Bornite CDT 
15 Dikulushi C  Cu–Pb–Zn–Fe      13.60 Sphalerite CDT 
15 Dikulushi C  Cu–Ag       10.40 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       11.80 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       11.20 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       12.00 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       12.50 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       13.50 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       10.00 Chalcocite CDT 
15 Dikulushi C  Cu–Ag       12.30 Digenite CDT 
15 Dikulushi C  Cu–Ag       11.80 Baryte CDT 
15 Dikulushi C  Cu–Ag       11.20 Baryte CDT 
15 Dikulushi C  Cu–Ag       13.10 Baryte CDT 
15 Dikulushi C  Cu–Ag       12.50 Baryte CDT 
15 Dikulushi C  Cu–Ag       11.80 Baryte CDT 
15 Dikulushi C   -8.5 cal3 PDB -7.5 cal3 PDB    
15 Dikulushi C   -7 cal3 PDB -8.5 cal3 PDB    
15 Dikulushi C   -4 cal3 PDB -7.5 cal3 PDB    
15 Dikulushi C   -2 cal3 PDB -11 cal3 PDB    
15 Dikulushi C   -1.6 cal3 PDB -10 cal3 PDB    
15 Dikulushi C   -7.5 dol3 PDB -4.5 dol3 PDB    
15 Dikulushi C   -2.8 dol3 PDB -15.5 dol3 PDB    
15 Dikulushi C   -2 dol3 PDB -13.5 dol3 PDB    
15 Dikulushi C   -1.8 dol3 PDB -16.5 dol3 PDB    
15 Dikulushi C   -1.7 dol3 PDB -13.2 dol3 PDB    
15 Dikulushi C   -0.2 dol3 PDB -13.6 dol3 PDB    
15 Dikulushi C   0.2 dol3 PDB -8 dol3 PDB    
15 Dikulushi C   -1.8 dol3 PDB -14.4 dol3 PDB    
15 Dikulushi C   -2.5 cal1 PDB -4.7 cal1 PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

15 Dikulushi C   -2 cal1 PDB -5.5 cal1 PDB    
15 Dikulushi C   -2.2 cal1 PDB -8.3 cal1 PDB    
15 Dikulushi C   -3 cal1 PDB -11.5 cal1 PDB    
15 Dikulushi C   -2.2 cal1 PDB -12.5 cal1 PDB    
15 Dikulushi C   -2.5 cal1 PDB -13 cal1 PDB    
15 Dikulushi C   -2 cal1 PDB -13.1 cal1 PDB    
15 Dikulushi C   -1.9 cal1 PDB -13.2 cal1 PDB    
15 Dikulushi C   -2.5 cal1 PDB -13.8 cal1 PDB    
15 Dikulushi C   -1 cal1 PDB -14.3 cal1 PDB    
15 Dikulushi C   -1.8 cal1 PDB -14.8 cal1 PDB    
15 Dikulushi C   -1.7 cal1 PDB -14.7 cal1 PDB    
15 Dikulushi C   -1 cal1 PDB -14.8 cal1 PDB    
15 Dikulushi C   -1.7 cal1 PDB -15.3 cal1 PDB    
15 Dikulushi C   -2 cal1 PDB -16.5 cal1 PDB    
15 Dikulushi C   -1.8 cal1 PDB -16.5 cal1 PDB    
15 Dikulushi C   -1.7 cal1 PDB -15.8 cal1 PDB    
15 Dikulushi C   -1.5 cal1 PDB -15.8 cal1 PDB    
15 Dikulushi C   -2.3 cal2 PDB -2.8 cal2 PDB    
15 Dikulushi C   -2.8 cal2 PDB -11.5 cal2 PDB    
15 Dikulushi C  host rock -3  PDB -13.5  PDB    
15 Dikulushi C  host rock -3  PDB -15.5  PDB    
15 Dikulushi C  host rock -2.8  PDB -14.2  PDB    
15 Dikulushi C  host rock -2.7  PDB -13  PDB    
15 Dikulushi C  host rock -1.5  PDB -15.5  PDB    
15 Dikulushi C  host rock -2  PDB -5  PDB    
15 Dikulushi C  host rock -1.3  PDB -7  PDB    
15 Dikulushi C  host rock -0.2  PDB -5.5  PDB    
15 Dikulushi C  host rock 0.2  PDB -4.5  PDB    
15 Dikulushi C  host rock 0.6  PDB -4  PDB    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

15 Dikulushi C  host rock 2.3  PDB -5  PDB    
15 Dikulushi C  host rock 2.8  PDB -4.6  PDB    
16 Kabwe Z 1090 level, No. 3/4 

orebody 
Massive ore      -16.25 py CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -14.88 py CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -16.51 py CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -15.01 py CDT 

16 Kabwe Z Surface Massive ore      -15.02 py CDT 
16 Kabwe Z 910 level, No. 1 

orebody 
Massive ore      -14.16 py CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -15.93 py CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -16.55 py CDT 

16 Kabwe Z Surface Massive ore      -16.99 py CDT 
16 Kabwe Z 880 level, No. 5/6 

orebody 
Massive ore      -16.3 py CDT 

16 Kabwe Z 880 level, No. 5/6 
orebody 

Massive ore      -16.15 py CDT 

16 Kabwe Z 910 level, No. 5/6 
orebody 

Massive ore      -16.11 py CDT 

16 Kabwe Z 525 level, No. 2 
orebody 

Massive ore      -13.4 py CDT 

16 Kabwe Z 525 level, No. 2 
orebody 

Massive ore      -12.65 py CDT 

16 Kabwe Z 1250 level, No. 2 
orebody 

Massive ore      -10.2 py CDT 

16 Kabwe Z 525 level, No. 2 
orebody 

Massive ore      -11.4 py CDT 

16 Kabwe Z 1050 level, No. 3/4 
orebody 

Vein       -11.4 py CDT 

16 Kabwe Z 1050 level, No. 3/4 
orebody 

Vein       -12 py CDT 

16 Kabwe Z 850 level, schistose Disseminated      -7.5 py CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

dolomite 
16 Kabwe Z 851 level, schistose 

dolomite 
Disseminated      -7.2 py CDT 

16 Kabwe Z 852 level, schistose 
dolomite 

Disseminated      -5.3 py CDT 

16 Kabwe Z 853 level, schistose 
dolomite 

Disseminated      -5.1 py CDT 

16 Kabwe Z 1090 level, No. 3/4 
orebody 

Massive ore      -17.54 sphal CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -17.64 sphal CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -18.01 sphal CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -16.19 sphal CDT 

16 Kabwe Z Surface Massive ore      -16.15 sphal CDT 
16 Kabwe Z 910 level, No. 1 

orebody 
Massive ore      -15.87 sphal CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -16.64 sphal CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -16.05 sphal CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -17.37 sphal CDT 

16 Kabwe Z Surface Massive ore      -16.7 sphal CDT 
16 Kabwe Z 910 level, No. 1 

orebody 
Massive ore      -16.36 sphal CDT 

16 Kabwe Z 880 level, No. 5/6 
orebody 

Massive ore      -14.3 sphal CDT 

16 Kabwe Z 880 level, No. 5/6 
orebody 

Massive ore      -16.14 sphal CDT 

16 Kabwe Z 850 level, No. 8 
orebody 

Massive ore      -15.2 sphal CDT 

16 Kabwe Z 1250 level, No. 2 
orebody 

Massive ore      -12.5 sphal CDT 

16 Kabwe Z 1250 level, No. 2 
orebody 

Massive ore      -11.8 sphal CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

16 Kabwe Z 525 level, No. 2 
orebody 

Massive ore      -10.8 sphal CDT 

16 Kabwe Z 1050 level, No. 3/4 
orebody 

Vein       -16.4 sphal CDT 

16 Kabwe Z 1050 level, No. 3/4 
orebody 

Vein       -13.1 sphal CDT 

16 Kabwe Z 1250 level, massive 
dolomite 

Disseminated      -14.8 sphal CDT 

16 Kabwe Z 1250 level, massive 
dolomite 

Disseminated      -14.4 sphal CDT 

16 Kabwe Z 50 level, 
carbonaceous 
dolomite 

Disseminated      -14.1 sphal CDT 

16 Kabwe Z 1250 level, 
carbonaceous 
dolomite 

Disseminated      -12.3 sphal CDT 

16 Kabwe Z 1090 level, No. 3/4 
orebody 

Massive ore      -18.73 galena CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -18.72 galena CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -18.45 galena CDT 

16 Kabwe Z 1106 level, No. 3/4 
orebody 

Massive ore      -18.44 galena CDT 

16 Kabwe Z Surface Massive ore      -17.96 galena CDT 
16 Kabwe Z 910 level, No. 1 

orebody 
Massive ore      -17.65 galena CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -17.44 galena CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -17.4 galena CDT 

16 Kabwe Z 910 level, No. 1 
orebody 

Massive ore      -16.62 galena CDT 

16 Kabwe Z 880 level, No. 5/6 
orebody 

Massive ore      -16.1 galena CDT 

16 Kabwe Z 1250 level, massive 
dolomite 

Disseminated      -14.2 galena CDT 

16 Kabwe Z  Massive 2.64 dol PDB 26.41 dol SMOW    
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

dolomite 
16 Kabwe Z  Carbonaceo

us dolomite 
3.08 dol PDB 26.81 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

2.5 dol PDB 26.95 dol SMOW    

16 Kabwe Z  Carbonaceo
us dolomite 

2.58 dol PDB 27.1 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

2.7 dol PDB 27.44 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

2.97 dol PDB 27.79 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

2.88 dol PDB 28.03 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

2.93 dol PDB 28.11 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

3.16 dol PDB 28.35 dol SMOW    

16 Kabwe Z  Schistose 
dolomite 

0.87 dol PDB 28.65 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

3.18 dol PDB 28.68 dol SMOW    

16 Kabwe Z  Massive 
dolomite 

3.15 dol PDB 28.81 dol SMOW    

17 Chambishi Z  algal mat -13.8 dol PDB 19 dol SMOW    
17 Chambishi Z  dol reef 0.5 dol PDB 21.3 dol SMOW    
17 Chambishi Z  dol reef -4.5 dol PDB 21.3 dol SMOW    
17 Chambishi Z  subconcorda

nt vn 
-8.6 dol PDB 18.1 dol SMOW    

17 Chambishi Z  subconcorda
nt vn 

-8.6 cal PDB 18.2 cal SMOW    

17 Chambishi Z  nodule -18.2 col PDB 14.8 col SMOW    
17 Chambishi Z  nodule -25.2 dol PDB 15.7 dol SMOW    
17 Chambishi Z  nodule -14.8 cal PDB 19.2 cal SMOW    
17 Chambishi Z  nodule -19.4 cal PDB 15.3 cal SMOW    
18 Roan 

Antelope 
Z  disseminated      18.61 dig, bn CDT 
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# Site Z/ 
C 

 sample description C C min C 
scale 

O O min O scale S S min S scale 

18 Roan 
Antelope 

Z  veinlet and disseminated     8.62 cpy, bn CDT 

18 Mufulira Z feldspathic qtzite disseminated      21.82 dig, bn CDT 
18 Mufulira Z feldspathic qtzite disseminated      19.52 dig CDT 
18 Mufulira Z feldspathic qtzite veins and disseminated envelope    14.95 dig CDT 
18 Nkana Z ore bed disseminated      21.82 bn, cpy, dig CDT 
18 Kipushi C  massive?       26.92 cpy, bn, dig, 

sphal 
CDT 

18 Luishia C host rock kyanite       32.54 cpy CDT 
18 Sable 

Antelope 
Z limestone dig[cal]       -3.80 dig CDT 

18 Sable 
Antelope 

Z limestone dig[cal]       -9.47 dig CDT 
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ABSTRACT 

Cobalt carbonates make up a significant but under-recognized fraction of the global Co 

resource, particularly among supergene ores in the Central African Copperbelt. Cobalt forms 

spherocobaltite (CoCO3; calcite group), whose complete solid solution with isostructural 

magnesite, MgCO3, is described here for the first time. Cobaltoan dolomite, Ca(Mg,Co)(CO3)2 

and cobaltoan calcite, (Ca,Co)CO3, can accommodate up to 25 mol% Co and up to 2 mol% Co, 

respectively. Cobalt has also been reported as a minor substituent of other calcite-group 

carbonates, and as a major constituent of the non-rhombohedral carbonates comblainite, 

Ni4Co2(OH)12(CO3).3H2O (hydrotalcite supergroup) and kolwezite, (Cu,Co)2(CO3)(OH)2 (poorly 

understood, possibly rosasite group).    

Cobalt carbonates can form under some hypogene conditions, but they are most common 

in the supergene zones of Cu-Co sulfide ore deposits, especially the Central African Copperbelt. 

A study of Co carbonates at the Tenke-Fungurume district (TFM) in the Copperbelt found that 

they occur as cobaltoan bands in supergene dolomite, as individual cobaltoan dolomite and 

cobaltoan magnesite crystals filling void spaces in rocks, and as microscopic magnesian 

spherocobaltite and kolwezite inclusions in supergene chalcocite (Cu2S) replacing primary 

carrollite (CuCo2S4). Most Co carbonates appear to have precipitated directly from pockets of 

Co-(Mg)-(Cu)-carbonate-enriched solution, although some of the magnesite-spherocobaltite 

crystals could have been produced by dedolomitization of a cobaltoan dolomite.  

Cobalt carbonates pose a metallurgical problem for solvent extraction operations. Since 

solubility calculations indicate that Co in carbonates is 3-4 orders of magnitude less soluble than 

Mg, Fe, and Ca, acid leaching will liberate all other ions from carbonate ores before releasing 
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appreciable Co. Furthermore, many TFM specimens originally identified as cobaltoan dolomite 

have proven on reexamination to be magnesian spherocobaltite or cobaltoan magnesite. As 

spherocobaltite is the least soluble of the cobaltoan carbonates, this may have significant 

implications for cobalt recovery at many Central African Copperbelt mines.  

 

Keywords: magnesite, spherocobaltite, cobaltoan dolomite, Copperbelt, transition metal 

carbonate, cobalt metallurgy 

INTRODUCTION 

Cobalt worldwide 

Cobalt is a strategic metal used in steel alloys, magnets, and other industrial applications, 

as well as being the central atom in vitamin B12 (cobaltamine). The majority of Co production is 

from sulfides, but Co-bearing carbonates are widespread and economically important in the 

Zambian and Congolese mines of the Central African Copperbelt. Other examples occur in 

Příbram (Czech Republic); Tsumeb (Namibia); Bou Azzer (Morocco); the Flinders Range 

(Australia); the Santa Rosalia district (Mexico); and elsewhere (Table 1).  

 

Cobalt in rhombohedral carbonates 

Crystal chemical factors:  

Crystal chemical factors determine how much Co2+ can fit into the octahedral site in 

carbonates. In charge and ionic radius (0.74), it is most similar to octahedral Mg2+ (0.80), Fe2+ 

(0.69), and Mn2+ (0.75), and thus, in theory, should be able to substitute completely for them in 

any carbonate (Goldsmith & Northrop, 1965). In reality, however, another factor – the size and 
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shape of the Co2+ coordination polyhedron – determines whether such complete substitution is 

possible in a given mineral, and how much Co2+ can fit into minerals whose structure allows 

only limited substitution (Rosenberg & Foit, 1979).  

Carbonate structures are made of chains of cation coordination polyhedra, linked by 

shared O ions. Each coordination polyhedron must be of a shape and size that enables it to link 

up easily with its neighbors, or the neighboring polyhedron must distort to reach it. Highly 

distorted structures are unstable, so no carbonate will form unless the cation polyhedra that 

comprise it can be arranged so that they require little distortion. In the simplest case, the mineral 

has only one type of cation present. All of the coordination polyhedra are thus the same size and 

no distortion is required. In most naturally occurring carbonates, however, there are multiple 

elements. In this case, if the cations have coordination polyhedra of similar shape and size, they 

fit easily into random sites along the chain, with only a little distortion. In both of these 

arrangements, all the cations can fit into a single site – the calcite structure (Reeder, 1983). 

However, if the carbonate contains significant amounts of two cations with different polyhedra, 

the stable arrangement is the ordered dolomite structure, in which the different cations are sorted 

onto alternating sites in the chain. The polyhedra are thus more or less evenly stretched in both 

directions (Navrotsky & Loucks, 1977).  

The Co2+ coordination octahedron is regular but atypically small for a first-row transition 

metal, because its low-spin d7 configuration causes degeneracy in the t2g orbital, stabilizing the 

octahedron in a compressed form. Cobalt forms a stable calcite-structured carbonate 

(spherocobaltite, CoCO3, also sphaerocobaltite or cobaltocalcite), and it can substitute 

extensively or completely into calcite-structured carbonates with small coordination polyhedra, 
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such as magnesite, rhodochrosite, gaspeite, and smithsonite. However, the Co2+ octahedron is too 

small to fit easily into a Ca-dominated mineral, whether calcite- or dolomite-structured, and 

accordingly the substitution of Co into calcite and dolomite is limited (Goldsmith & Northrop, 

1965). The large Ca2+ coordination polyhedron cannot distort enough to link with the small Co2+ 

octahedron (Rosenberg & Foit, 1979; Reeder et al., 1999). Nor can Co2+ form a stable dolomite-

structured phase with other transition metals: they are too similar to Co2+ in size and can 

therefore fit on the same, single, cation site (Reeder, 1983).  

Cobalt-bearing rhombohedral carbonates:  

The Co carbonates stable in nature (Table 1) reflect those crystal-chemical factors. 

Spherocobaltite (CoCO3), cobaltoan calcite ((Ca,Co)CO3), and cobaltoan dolomite 

(Ca(Mg,Co)(CO3)2) are the species already known; this study documents another, intermediate 

compositions along the magnesite-spherocobaltite join ([Mg,Co]CO3). Cobalt may also occur in 

kolwezite (rosasite group) and in comblainite (quintinite group), but these are rare minerals, and 

their possible Co concentrations and even the crystal systems remain unconstrained (Perchiazzi 

& Merlino, 2006; Frost et al., 2007). Calcite- and dolomite-group carbonates contain the world’s 

entire economically significant Co carbonate resource.  

However, there are very few published studies on any Co carbonates. A few studies have 

dealt with cobaltoan calcite: Goldsmith & Northrop (1965) found a maximum of 15 mol% Co in 

calcites at 800 ˚C, which dropped to less than 5 mol% by 600 ˚C. Katsikopoulos et al. (2008) 

achieved 16 mol% Co in low-T calcite only by dint of extreme Co-oversaturation in the fluid and 

mixture with silica gel. Such conditions are not very realistic in the supergene zones of ore 
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deposits, where most Co-carbonates form. Simmonds (1980) observed calcites in the Central 

African Copperbelt with Co only up to 1.6 mol%.  

Spherocobaltite is much more likely to form extensive solid solutions with the transition 

metal carbonates, in which Co fits better than it does into calcium carbonates. Unfortunately, 

published analytical data on Co in transition metal carbonates is scanty, but Clissold et al. (2003) 

detected minor Co in some gaspeite samples. Solid solution between spherocobaltite and 

magnesite is also likely, for the crystal-chemical reasons discussed above. Magnesite is known to 

form complete solid solutions with several other transition metal carbonates: with siderite at 250˚ 

C (Anovitz & Essene, 1985); with rhodochrosite at and above 500˚ C and 10 kbar, and possibly 

at lower T (Goldsmith & Graf, 1960); and with otavite at 800˚ C and 1 GPa (Bromiley et al., 

2007). At lower temperatures, however, a Cd-dolomite limits the range of the disordered 

magnesite-otavite solid solution (Bromiley et al., 2007). Other partial solid solutions of 

magnesite include calcite (Goldsmith and Graf, 1960; Mackenzie et al., 1983); gaspeite 

(Goldsmith & Northrop, 1965); and smithsonite (Boni et al., 2011). However, there is no work 

on the magnesite-spherocobaltite solid solution below the conditions (600 ˚C and 15 kbar) at 

which Goldsmith & Northrop (1965) documented complete solid solution.  

This study:  

This study began as part of a broader examination of the geology of the Tenke-

Fungurume Cu-Co district (TFM) and other deposits on the Congolese side of the Central 

African Copperbelt. Research there includes work on the mineralogical controls on ore 

processing, so the metallurgy as well as the mineralogy of a new ore mineral are of interest to the 

overarching geological study.  
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COBALT CARBONATES IN THE CENTRAL AFRICAN COPPERBELT 

Overview: geological background 

The Central African Copperbelt of northern Zambia and southeastern D.R. Congo (Fig. 

1) is one of the world’s largest Cu and Co resources (Selley et al., 2005) and is a major source 

for cobaltoan carbonate mineral specimens (Gauthier & Deliens, 1999). Most cobaltoan 

carbonates are produced during supergene alteration of cobalt sulfide ores, and the Co-

carbonates of the Central African Copperbelt are no exception. Originally, carrollite (CuCo2S4), 

chalcopyrite (CuFeS2), bornite (Cu5FeS4), and digenite (Cu9S5) precipitated in a Neoproterozoic 

basinal carbonate-clastic sequence (the Mines Series of the Roan Group, < 887 Ma; Cailteux, 

1994). Textural relationships are somewhat ambiguous but tend, overall, to indicate that 

precipitation of carrollite preceded the Cu-Fe sulfides. However, all of them seem to have 

precipitated during a single alteration episode sometime during diagenesis, accompanied by 

voluminous dolomitic alteration (Oosterbosch, 1951; Schuh et al., 2012).  

Formation of quartz followed, replacing some of the dolomite, and further alteration 

occurred as thin-skinned Pan-African (570-510 Ma) deformation broke the mineralized rocks 

into separate “écailles” and pushed them northward into their present arcuate arrangement 

(Selley et al., 2005). Dating of the large, coarsely crystalline, high-angle dolomite veins indicate 

that they formed during this period (Barra, 2005). Some of the ore sulfides were remobilized into 

these veins, presumably as the orogeny proceeded (Selley et al., 2005).  

After the orogeny, erosion exposed the Mines Series rocks to meteoric waters, which 

dissolved the sulfides and dolomite near the surface. Some of the metals from the sulfides 
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combined with the carbonate from the dolomite to form malachite (Fig. 2). Chrysocolla,  

heterogenite, pseudomalachite, and rare cornetite, brochantite, and libethenite are also present 

among the supergene minerals nearest the surface (De Putter et al., 2010; Fay & Barton, 2012). 

At greater depths, the supergene Cu minerals are native copper, chalcocite, and cuprite, and the 

supergene Co minerals are carbonates. These last occur to great depths, in some places > 750 m 

below the surface (Fay & Barton, 2012).  

 

Description 

Pink color distinguishes cobalt-bearing from other rhombohedral carbonates (Fig. 3). In 

all cobaltoan carbonate hand samples, the color is intense even at Co concentrations less than 5 

wt%. However, all but the most cobaltoan dolomites and calcites are only pale pink in thin 

section, and in cross-polarized light look no different from ordinary dolomites and calcites. By 

contrast, spherocobaltite and compositions along the join towards magnesite retain intense pink 

color in thin section. Even in cross-polarized light, they have a rosy cast.  

All the Co-carbonates are uniaxial, optically negative, and highly birefringent (maximum 

δ=0.18). Their Mohs hardnesses are 3.5-4. The presence of Co, and in many cases of Fe, 

quenches the normally bright cathodoluminescence of a carbonate.  

Cobaltoan dolomite and calcite, where euhedral, typically form rhombs, although crest 

habits are known; they also occur as fine disseminated grains through areas of dolomite-quartz 

alteration. Cobaltoan dolomite is most common as Co-rich bands in otherwise normal dolomite; 

the bands form optically continuous coatings on the edges of earlier dolomite crystals. 

Spherocobaltite and its magnesite solid solution ([Mg,Co]CO3) form elongate and prismatic 
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crystals with hexagonal cross sections. Although such crystals are the largest and the most 

noticeable occurrence of (Mg,Co)CO3, it also occurs as inclusions < 5 microns across, typically 

consisting of both magnesian spherocobaltite and kolwezite. These are common in supergene 

chalcocite and create the characteristic texture visible in Figure 3.  

 

Occurrence patterns and abundance 

Cobaltoan carbonates are not stable at the surface over most of the Central African 

Copperbelt but are sometimes present on freshly dug surfaces at a depth of a few meters. The 

tops of Copperbelt deposits contain Co mostly as heterogenite, but even there some Co 

carbonates may be found. These reach their greatest abundance in the middle depths, between the 

surficial heterogenite cap and the deep carrollite, but minor Co-carbonate concentrations persist 

into the heterogenite and carrollite zones. The occurrences of Co carbonates are not correlated 

with stratigraphy, may be associated with any of the sulfide or oxide ore minerals, and may occur 

in any type of gangue. The exception is the inclusion type of (Mg,Co)CO3, which follows the 

distribution of the supergene chalcocite that hosts it.  

Of all of the Co carbonates, cobaltoan dolomite is probably the most abundant. However, 

more than a dozen samples recorded as cobaltoan dolomite during fieldwork and petrography 

have proven on reexamination to be cobaltoan magnesite or magnesian spherocobaltite. Thus, it 

is likely that much of the pink carbonate recorded in core logs and maps as cobaltoan dolomite is 

in fact (Mg,Co)CO3. This makes it impossible to judge which Co carbonates are most abundant, 

how abundant they are, and where each may be distributed, except for their restriction to the 

middle depths of ore deposits.  
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Textural relationships to other minerals 

Cobalt carbonates overgrow or crosscut most of the other minerals. They may also line 

open spaces created by dissolution of preexisting minerals, as can the malachite, heterogenite, 

native copper, chrysocolla, pseudomalachite, brochantite, kolwezite, and libethenite with which 

it is associated. The associated mineralogy and the textural relationships of the Co carbonates 

indicate formation at a late stage in the paragenesis.  

 

Compositions 

Table 2 shows the compositions of the Co carbonates analyzed in this study. Analyses 

were carried out on a Cameca SX100 electron probe microanalyzer (EPMA) at the University of 

Arizona. Table 3 summarizes the analytical conditions, and Table 4 gives the compositions of the 

standards used during analysis.  

These results show that the magnesite-spherocobaltite solid solution appears to be 

complete even at low temperatures. Compositions found in this study range from 

Co0.806Mg0.145CO3 to Mg0.838Co0.145CO3 with Fe, Mn, and Ca making up the balance of the cation 

content. Much of this compositional range is present even in single crystals: backscatter imaging 

with a JEOL 6010LA SEM showed strong concentric zoning around the c-axis of several crystals 

(Fig. 4). One of them varied from a core of Mg0.493Co0.482CO3 to a rim of Mg0.838Co0.145CO3 (Fig. 

5).  

In theory, cobaltoan dolomites may contain up to 20 mol% Co (Goldsmith & Northrop, 

1965), though Minceva-Stefanova (1999) reports a specimen with 35 mol% Co. The location of 
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this specimen was not known but could have been either the Copperbelt or Příbram, Czech 

Republic. Such samples are the exceptions: most cobaltoan dolomite analyzed in this study 

averages less than 2 mol% Co (Table 2).  

No data exist on the composition of kolwezite, and the only specimens available at TFM 

were inclusions too small to analyze. Cobaltoan calcite was not detected in any TFM samples.  

 

Crystal structure and spectrum of magnesite-spherocobaltite solid solution 

X-ray diffraction: A crystal selected for X-ray diffractometry was given a preliminary 

examination with SEM and was mounted, oriented, and analyzed in a Bruker X8 APEX2 CCD 

X-ray diffractometer equipped with graphite-monochromatized MoK radiation. The X-ray 

pattern obtained matched the R3c (calcite) structure with r=0.93. Cell parameters obtained were 

a=b=4.61, c=14.87 (Å).  

Raman spectrum: The Raman spectrum of the cobaltoan magnesite crystal used for the 

X-ray diffraction measurement was then collected from a random orientation on a Thermo 

Almega microRaman system, using a 532-nm solid-state laser with a thermoelectric-cooled CCD 

detector. The laser was partially polarized with 4 cm-1 resolution and a spot size of 1 micron. 

Comparison of the result with the Raman spectra for magnesite (R050443) and spherocobaltite 

(R060497) in the RRUFF database (http://rruff.info) (Fig. 6) reveals that the Raman bands of the 

cobaltoan magnesite are intermediate between magnesite and spherocobaltite, without extraneous 

peaks. Similar results are known from magnesite-siderite solid solutions (Boulard et al., 2012), 

indicating that the crystal-chemical effects of Co on the structures of calcite-type carbonates are 

similar to those of Fe.  
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DISCUSSION 

Inferred Mg-Ca-Co carbonate phase relations at low T 

The results of this study (Fig. 7) show that there is a complete solid solution between 

magnesite and spherocobaltite in the P-T conditions of the supergene environment – near-surface 

pressures, and temperatures probably < 50 C. The only other chemical data in existence on the 

MgCO3-CoCO3 system are from analyses at 600-800˚C and 15-25 kbar and also indicate 

complete solid solution (Goldsmith & Northrop, 1965). Figure 8 shows the inferred phase 

relations among Mg, Co, and Ca carbonates at low P-T conditions.  

The maximum concentration of Co in dolomite is uncertain, but the present study 

analyzed dolomites with as much as 14.7 mol% Co. This is well under the 25% Co limit 

suggested by Goldsmith & Northrop (1965). It is worth noting that the specimen in question has 

a slight excess of Ca (50.6 mol%), and that Ca is generally higher than normal in specimens with 

high Co. This supports the suggestion of Rosenberg & Foit (1979) that excess Ca facilitates 

substitution in the Mg site.  

 

Formation of Co-bearing carbonates 

The textural evidence cited above renders it virtually certain that the Co-carbonates at 

TFM formed in the supergene environment. Meteoric fluids dissolved dolomite and oxidized the 

sulfide ores, releasing metal ions. Some of the liberated Co was oxidized Co3+, which formed 

heterogenite; some of it remained divalent and bonded with the carbonate in the fluid to 
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precipitate cobaltoan magnesite, magnesian spherocobaltite, and cobaltoan dolomite, along with 

Ca-Mg dolomite.  

The problem of dolomite precipitation at low temperature occupies considerable space in 

the literature (e.g., Baker & Kastner, 1981; Land, 1998; Warren, 2000). The mechanism most 

often invoked for dolomite formed in sedimentary rocks is dolomitization of calcite during 

diagenesis (e.g., Hardie, 1987). However, this is not a viable process for producing the supergene 

cobaltoan dolomite in the Central African Copperbelt. The cobaltoan dolomite occurs as high-Co 

bands within otherwise normal dolomite crystals, rather than being evenly distributed as would 

be expected if Co had been introduced during dolomitization. Thus, primary precipitation of a 

variably cobaltoan dolomite is the best explanation for the banded Co distribution, even though it 

remains problematic from a kinetic standpoint (Lovering, 1969). The high-Co bands probably 

formed during transient episodes of Co enrichment in the fluid, probably a result of dissolution 

of nearby carrollite. Such a fluid must also have been considerably enriched in Mg relative to Ca, 

as dolomite cannot precipitate from a fluid with Mg/Ca<5.2 (Warren, 2000). The possible 

mechanisms for supergene origin of such an Mg-enriched fluid are enigmatic.  

The formation of the magnesian spherocobaltites is even less clear. Boni et al. (2011) 

have textural evidence that magnesian smithsonite in the Jabali deposit (Yemen) formed by 

dedolomitization of a zincian dolomite. Dedolomitization is a common geological phenomenon, 

especially in the supergene environment (Dockal, 1988). It consists of incongruent dissolution: 

(1) CaMg(CO3)2 + Ca2+ = 2CaCO3 + Mg2+  

or 

(2) CaMg(CO3)2 + Mg2+ = 2MgCO3 + Ca2+.  
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Dedolomitization by Equation (1) produces calcite plus an Mg-enriched fluid, and occurs 

at low aMg2+/aCa2+ (Rosenberg et al., 1967). Although less common, dedolomitization may 

proceed by Equation 2 and produce magnesite plus a Ca-enriched fluid. If transition metals 

occupy some or all of the Mg sites, dedolomitization by Equation (2) may result in magnesite 

solid solutions rather than end-member magnesite (Boni et al., 2011). Analogy with the Zn-

carbonate system would suggest that (Mg,Co)CO3 can form by dedolomitization of a cobaltoan 

dolomite by an equation such as: 

(3) 10Ca(Mg0.9Co0.1)(CO3)2 + 5Co2+ + 5Mg2+ = 10Ca2+ + 20Mg0.7Co0.3CO3  

 

Cobalt might be provided by dissolving carrollite and Mg by dissolution of dolomite 

elsewhere. Significantly, Equation (3) demonstrates that adding equal proportions of Co and Mg 

to cobaltoan dolomite produces a magnesite enriched in Co relative to its ancestral cobaltoan 

dolomite; this is consistent with the Co content in cobaltoan magnesites observed at TFM.  

From this, it is tempting to suggest that magnesite-spherocobaltite forms by 

dedolomitization of a cobaltoan dolomite. However, textural evidence contradicts such a 

mechanism: the (Mg,Co)CO3 crystals at TFM are growing upon dolomite grains that show no 

evidence of dissolution. Still, dedolomitization might have been very localized, or might have 

occurred elsewhere and the components have been transported to the site of supergene 

magnesite-spherocobaltite. Figure 8 shows a possible pathway for fluid and crystal following 

dedolomitization of a cobaltoan dolomite.  
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 (Mg,Co)CO3 inclusions with kolwezite in supergene chalcocite are more likely formed 

by direct precipitation from pockets of Mg-Cu-Co-carbonate fluid trapped within the chalcocite 

grain as it replaced carrollite – although the Mg may have come from dedolomitization at 

another site. Kolwezite is invariably at the centers of the inclusions and is surrounded by 

(Mg,Co)CO3, suggesting that (Mg,Co)CO3 precipitated first, either until Mg was exhausted or 

until Cu reached saturation in the remaining fluid, which crystallized kolwezite. A possible 

reaction is: 

(4) CaMg(CO3)2 + CuCo2S4 + 4H2O + CO2 + 7.5O2 =  

3H2SO4 + CuCo(CO3)(OH)2 + 2(Mg,Co)CO3 + CaSO4(aq) 

 

Equation (4) is balanced for Mg0.5Co0.5CO3, although the compositions of the inclusions 

are typically closer to spherocobaltite. An equation for the end member might be: 

(5) 3CuCo2S4 + 6CO2 + 12H2O + 20O2 =  

CuCo(CO3)(OH)2 + 5CoCO3 + Cu2S + 11H2SO4  

 

Equations (3) – (5) are all viable methods for producing magnesite-spherocobaltite solid 

solution in the supergene environment. Any or all of the equations may have contributed to 

forming magnesite-spherocobaltite solid solution at TFM, and present evidence is not enough to 

judge their relative roles.  

Although best known from the supergene zones of Central African Copperbelt deposits, 

cobaltoan carbonates can be hypogene ore minerals. A specimen from Bou Azzer (Morocco) 

contains cobaltoan dolomite intergrown with primary skutterudite (CoAs3). This indicates that 
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hypogene Co-carbonate precipitation occurs, but it is probably limited to systems with an excess 

of Co and carbonate over As and S – consistent with the finding of Markl et al. (2014) that 

spherocobaltite and cobaltoan calcite are unstable with respect to erythrite (CoAsO4) if even the 

tiniest amount of As is present in solution.  

 

Solubility and metallurgical implications  

The rhombohedral carbonates are highly variable in solubility (Railsback, 1999). 

Solubility calculations for dolomite, magnesite, calcite, and spherocobaltite show that Ca2+ and 

Mg2+ enter solution more readily than Co2+. The difference in their solubilities is 3-4 orders of 

magnitude (Fig. 9), so any acid added to a mixed Ca-Co or Mg-Co carbonate will dissolve all the 

available Ca or Mg before almost any of the Co.  

This is bad news from a metallurgical standpoint: it means that processing acid will 

consume every carbonate gangue mineral in the vicinity before liberating appreciable Co, 

particularly from spherocobaltite. The results of this study indicate that a significant fraction of 

the Co resource at TFM —and possibly elsewhere in the Copperbelt—may be contained in 

magnesian spherocobaltite previously recorded as cobaltoan dolomite. As magnesian 

spherocobaltite is likely to be far less soluble than cobaltoan dolomite, estimates of Co recovery 

based on the solubility of cobaltoan dolomite are likely to be overestimates. Without more data 

on the occurrence and abundance of magnesite-spherocobaltite solid solution, however, it is 

impossible to say whether this represents a major source of under-recovery. Additional work on 

the distribution and abundance of the various Co-carbonate species is needed.  
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CONCLUSIONS 

Several carbonates of the calcite and dolomite groups contain appreciable Co: cobaltoan 

dolomite, cobaltoan calcite, spherocobaltite, and the magnesite-spherocobaltite solid solution. 

Though they can form under hypogene conditions, they are more common in the supergene 

zones of Co ore deposits, where Cu-Co sulfides oxidize. In some cases, cobaltoan dolomite and 

magnesian spherocobaltite are almost surely the products of primary precipitation; however, 

dedolomitization of Co-dolomite is another potential mechanism for creating (Mg,Co)CO3. 

Solubility calculations suggest that Co carbonate ores will release all their contained Ca, Mg, and 

Fe ions before any significant Co.   
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FIGURE CAPTIONS 

1. Map of the Central African Copperbelt, showing the Tenke-Fungurume district.  
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2. Schematic cross sections showing processes of ore formation at Tenke-Fungurume: 

hypogene sulfide deposition during diagenesis (A) and supergene alteration of the sulfide 

ores to oxides and carbonates (B).  

3. Typical occurrence of cobaltoan carbonates at TFM. A: Kolwezite-cored inclusions of 

magnesian spherocobaltite in a chalcocite grain replacing carrollite, sample F23R-347.05. 

B: Crystalline variety of (Mg,Co)CO3 in thin section, plane-polarized transmitted light, 

sample F65-113.5. C: The same, in cross-polarized transmitted light. D: Typical 

occurrence of Co-carbonate in hand sample F12-200.8.  

4. Crystalline variety of magnesite-spherocobaltite solid solution, in backscatter, showing 

zoning within crystals. Sample F65-113.5, BSE image of figure 3B-3C.  

5. Comparison of backscatter image of cobaltoan magnesite (mag-sphc) with compositions 

determined by EPMA at marked points 1-7.  

6. Raman spectra of spherocobaltite, magnesite, and the magnesite-spherocobaltite solid 

solution.  

7. Ca-Co-Mg-carbonate ternary diagram showing compositions of species measured in this 

study.  

8. Ternary diagram showing the inferred phase relations among Ca-Mg-Co carbonates at 

supergene P-T conditions, the minerals stable in fluids of different compositions, and one 

potential way to form magnesite-spherocobaltite solid solution by dedolomitization of a 

cobaltoan dolomite.  

9. Graph showing the log of the concentrations of the ions produced in reactions among the 

various carbonates. Cobalt is by far the least soluble ion in every reaction involving it. 
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Calculated based on log K values from Robie and Hemingway (1995). Cc = calcite, cdol 

= cobaltoan dolomite, sphc = spherocobaltite, dol – dolomite, mag = magnesite.  

 

TABLE CAPTIONS 

1. Known worldwide occurrences of Co in carbonates. 

2. Representative microprobe analyses of carbonates from this study. Some samples are 

duplicated in Table B.1. Dol = dolomite, mg-sp ss = magnesite-spherocobaltite solid 

solution, mg = magnesite.  

3. Analytical conditions of microprobe analyses. 

4. Compositions of standards used in microprobe analyses. 
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FIGURES 
Figure D.1 
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Figure D.2 
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Figure D.3: 
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Figure D.4: 
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Figure D.5: 
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Figure D.6: 
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Figure D.7: 
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Figure D.8: 
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Figure D.9: 
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TABLES 
Table D.1 
Location Reported species Reference 

Tenke-Fungurume, D.R. Congo Magnesite-spherocobaltite 
Spherocobaltite 
Cobaltoan dolomite 

This work 

Przibram, Bohemia Cobaltoan dolomite Minceva-Stefanova, 1999 
Peramea, Spain Cobaltoan calcite Reeder et al., 1999 
Durango, Colorado Kolwezite Daltry, 1992 
Kakanda, D.R. Congo Cobaltoan dolomite, 

spherocobaltite 
Gauthier & Deliens, 1999 

Mashamba West and Mindingi, D.R. 
Congo 

Cobaltoan calcite Gauthier & Deliens, 1999 

Tantara, D.R. Congo Cobaltoan calcite Gauthier & Deliens, 1999 
Kamoto, Musonoi, and Kabolela, D.R. 
Congo 

Spherocobaltite, kolwezite Gauthier & Deliens, 1999; 
Pirard, 2008 

Mupine, D.R. Congo Spherocobaltite, cobaltoan 
calcite 

Gauthier & Deliens, 1999 

Kambove, D.R. Congo Cobaltoan dolomite 
Spherocobaltite 

Van Langendonck et al., 2013; 
Gauthier & Deliens, 1999 

Konkola, Zambia Cobaltoan dolomite Sweeney et al., 1986 
Chibuluma, Zambia “Cobaltocalcite” – probably 

spherocobaltite 
Whyte and Green, 1971 

Tsumeb, Namibia Cobaltoan dolomite Hurlbut, 1957 
Shinkolobwe, D.R. Congo Comblainite Daltry, 1991 
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Table D.2: 
 

Sample; 

mineral1 
cp-1; 

mg-sp ss 
cp -2; 

mg-sp ss 
cp-4; 

mg-sp ss 
cp-5; 

mg-sp ss 
cp-6; 

mg-sp ss 
cp -8; 

mg-sp ss 

F137-
239.5; 

dol      

F140-
540.9; 

dol 
MgO (wt%) 19.85 20.60 32.46 30.88 31.40 29.66 21.66 21.38 

CaO 0.94 0.84 0.12 0.14 0.12 0.40 30.65 30.47 
MnO 0.27 0.20 <0.05# <0.05 <0.05 0.15 0.05 BDL 
FeO 0.23 0.21 0.27 0.24 0.13 0.81 0.16 0.09 
CoO 36.08 34.40 19.60 21.95 21.12 23.38 0.03 BDL 
NiO <0.02 <0.02 0.03 0.02 0.03 0.04 0.03 BDL 
ZnO 0.06 0.09 <0.01 0.01 <0.01 0.09 0.04 BDL 
SrO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 BDL 
CO2* 43.94 43.66 47.25 46.92 46.91 47.09 47.90 47.34 
total 101.37 100.00 99.73 100.17 99.71 101.61 100.53 99.27 

         
Mg apfu 0.493 0.515 0.750 0.719 0.731 0.688 0.987 0.986 

Ca 0.017 0.015 0.002 0.002 0.002 0.007 1.004 1.010 
Mn 0.004 0.003 0.001 0.000 0.001 0.002 0.001 0.001 
Fe 0.003 0.003 0.003 0.003 0.002 0.011 0.004 0.002 
Co 0.482 0.463 0.244 0.275 0.264 0.292 0.001 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Zn 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table D.2 (continued): 
Sample; 

mineral1 

F177-
53.9; 

dol 

F177-
53.9; 

dol 

F177-
53.9; 

dol 

F178-
75.9; 

dol 

F178-
75.9; 

dol 

F178-
75.9; 

dol 

F184-
65.9; 

dol 

F184-
65.9; 

dol 
MgO (wt%) 18.12 21.89 20.96 21.74 20.93 14.39 21.82 21.54 

CaO 29.26 29.90 29.00 30.66 29.80 29.30 30.53 30.31 
MnO 0.81 <0.05 0.16 <0.05 0.08 0.06 0.10 0.11 
FeO 0.93 0.08 0.66 0.05 <0.05 <0.05 0.27 0.22 
CoO 4.34 0.09 0.55 <0.02 1.74 11.41 <0.02 0.71 
NiO 0.02 <0.02 BDL <0.02 <0.02 <0.02 <0.02 <0.02 
ZnO 0.02 <0.01 BDL <0.01 0.03 0.02 <0.01 <0.01 
SrO 0.06 0.02 0.90 0.02 <0.01 0.01 0.01 0.02 
CO2* 46.41 47.49 46.86 47.87 47.33 45.46 48.01 47.94 
total 99.96 99.46 99.09 100.34 99.91 100.65 100.74 100.86 

         
Mg apfu 0.853 1.007 0.977 0.992 0.966 0.691 0.992 0.981 

Ca 0.989 0.988 0.971 1.005 0.988 1.012 0.998 0.992 
Mn 0.022 0.001 0.004 0.001 0.002 0.002 0.002 0.003 
Fe 0.025 0.002 0.017 0.001 0.000 0.000 0.007 0.006 
Co 0.110 0.002 0.014 0.000 0.043 0.295 0.000 0.017 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Sr 0.001 0.000 0.016 0.000 0.000 0.000 0.000 0.000 
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Table D.2 (continued): 
Sample; 

mineral1 

F192-
53.2; 

dol 

F264-
167.3B; 

dol 

F264-
176.3; 

dol 

F41- 
66.8; 

dol 

F62R-
2854; 

dol 

F65-
113.5; 

dol 

F65-
113.5; 

dol 

F65-
113.5; 

mg-sp ss 
MgO (wt%) 21.47 21.45 21.58 21.82 19.75 20.22 21.74 19.72 

CaO 30.51 30.35 30.47 30.34 30.02 29.87 30.60 0.91 
MnO 0.27 0.12 0.08 0.08 0.90 0.47 <0.05 0.24 
FeO 0.57 0.63 0.24 0.06 2.47 0.67 0.07 0.21 
CoO <0.02 <0.02 <0.02 0.03 <0.02 1.78 <0.02 36.05 
NiO <0.02 <0.02 <0.02 <0.02 0.01 <0.02 <0.02 <0.02 
ZnO 0.04 0.02 0.01 <0.01 0.05 <0.01 <0.01 0.07 
SrO 0.02 0.02 0.02 0.02 0.02 <0.01 <0.01 <0.01 
CO2* 47.93 47.72 47.69 47.76 47.24 47.27 47.82 43.74 
total 100.79 100.32 100.09 100.13 100.46 100.28 100.23 100.95 

         
Mg apfu 0.978 0.982 0.988 0.998 0.913 0.934 0.993 0.492 

Ca 0.999 0.998 1.003 0.997 0.997 0.992 1.004 0.016 
Mn 0.007 0.003 0.002 0.002 0.024 0.012 0.001 0.003 
Fe 0.015 0.016 0.006 0.002 0.064 0.017 0.002 0.003 
Co 0.000 0.000 0.000 0.001 0.000 0.044 0.000 0.484 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table D.2 (continued): 
Sample; 

mineral1 

F65-
113.5; 

mg-sp ss 

F65- 
60.8; 

dol 

F9- 
114.3; 

dol 

F9-
135.9jv; 

mg-sp ss 

Fw82-
139.8; 

dol 

Fw82-
145A; 

dol 

K2365-
125.3; 

dol 

Kf284-
524; 

mg 
MgO (wt%) 16.66 21.49 21.56 5.14 21.65 21.46 20.56 48.07 

CaO 0.85 30.19 30.25 0.55 30.23 30.32 30.68 0.04 
MnO 0.20 0.13 0.11 0.10 0.14 0.09 0.13 0.10 
FeO 0.30 0.63 0.32 1.66 0.46 0.49 0.59 0.14 
CoO 39.61 <0.02 <0.02 53.09 <0.02 <0.02 0.02 <0.02 
NiO <0.02 <0.02 <0.02 0.63 <0.02 <0.02 0.02 <0.02 
ZnO 0.02 0.10 <0.01 0.01 <0.01 <0.01 0.04 <0.01 
SrO <0.01 0.04 <0.01 BDL 0.01 0.02 0.03 <0.01 
CO2* 42.44 47.68 47.56 38.68 47.74 47.60 47.03 52.66 
total 100.08 100.24 99.80 99.86 100.23 99.97 99.11 101.01 

         
Mg apfu 0.429 0.984 0.990 0.145 0.990 0.985 0.955 0.997 

Ca 0.016 0.994 0.998 0.011 0.994 1.000 1.024 0.001 
Mn 0.003 0.003 0.003 0.002 0.004 0.002 0.004 0.001 
Fe 0.004 0.016 0.008 0.026 0.012 0.013 0.015 0.002 
Co 0.548 0.000 0.000 0.806 0.000 0.000 0.001 0.000 
Ni 0.000 0.000 0.000 0.010 0.000 0.000 0.001 0.000 
Zn 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.000 
Sr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
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Table D.2 (continued): 
Sample; 

mineral1 

Kw300-
1584B; 

dol 

Kw364-
218.4B; 

dol 

Kw364-
218.4B; 

dol 

Kw365-
154.3A; 

dol 

MgCo2 
core; 

mg-sp ss 

MgCo2 
mid; 

mg-sp ss 

MgCo2 
rim; 

mg-sp ss 

T158-
159.8B; 

dol 
MgO (wt%) 21.69 21.65 15.91 21.40 32.66 32.04 28.74 21.75 

CaO 30.17 29.95 29.80 30.49 0.63 0.09 0.44 30.33 
MnO 0.15 0.19 0.05 0.10 0.17 <0.05 <0.05 0.17 
FeO 0.52 0.51 0.10 0.40 0.22 0.28 0.12 0.36 
CoO 0.02 <0.02 8.10 BDL 19.81 20.02 25.25 <0.02 
NiO <0.02 <0.02 <0.02 BDL <0.02 0.02 0.04 <0.02 
ZnO 0.03 0.10 <0.01 0.03 0.08 <0.01 0.01 0.02 
SrO 0.01 0.04 <0.01 0.01 <0.01 <0.01 <0.01 0.03 
CO2* 47.81 47.65 45.62 47.63 48.08 47.03 46.68 47.90 
total 100.40 100.08 99.59 100.06 101.64 99.48 101.28 100.56 

         
Mg apfu 0.991 0.992 0.762 0.981 0.742 0.744 0.672 0.991 

Ca 0.990 0.986 1.025 1.005 0.010 0.002 0.007 0.994 
Mn 0.004 0.005 0.001 0.003 0.002 0.001 0.000 0.004 
Fe 0.013 0.013 0.003 0.010 0.003 0.004 0.002 0.009 
Co 0.001 0.000 0.209 0.000 0.242 0.250 0.318 0.000 
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.001 0.002 0.000 0.001 0.001 0.000 0.000 0.000 
Sr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 
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Table D.3: 

Element 
Beam 

current, 
nA 

Dwell 
time, sec 

Voltage, 
keV 

Detector Avg. det. 
limit, ppm 

Mg 10 20 20 TAP 459 

Ca 10 20 20 LPET 250 

Fe 10 20 20 LLIF 348 

Mn 10 20 20 LLIF 349 

Co 100 60 20 TAP 134 

Ni 100 60 20 LPET 100 

Zn 100 60 20 LLIF 74 

Sr 100 60 20 LLIF 78 

Mg 10 20 20 TAP 459 

Ca 10 20 20 LPET 250 
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Table D.4: 
 

Element/ 
Standard 

Mg Ca Fe Mn Si Al Ni Co Zn Sr C O 
 

Mg 28.44 0.04 0.68 0.02       14.19 56.74 

Ca  40.09         12.01 48 

Fe   45.92 2.28       10.34 41.36 

Mn 0.57 0.02 0.17 46.66       10.51 42.02 

Co 10.49 16.8   24.68   4.91    43.06 

Ni 8.62 17.87 0.12  24.91 0.45 5.06     43.01 

Zn    1.13     79.45   19.77 

Sr  1.36        57.22 8.25 32.97 
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ABSTRACT 

The views on groundwater movement that Nicholas Steno and Abraham Werner handed 

down came from Georgius Agricola’s research on subterranean fluids. Agricola (1494-1555) is 

best known as the father of economic geology and the grandfather of mineralogy, but his work in 

both those fields is based on his less well-known research on hydrology. In his principal book on 

the subject, De Ortu et Causis Subterraneorum (Of the Sources and Causes of Things 

Underground, 1546), he carried on the traditional Aristotelian ideas about the origins of 

underground fluids, but revolutionized the understanding of their mode of movement through the 

earth and their effects on rocks.  

Agricola was the first to depart from the ancient habit of reasoning about subsurface 

processes by analogy with surface ones. Instead of assuming that water flowed underground 

through rivers analogous to surface rivers, and was stored in subterranean lakes, he ascribed 

groundwater flow and store to pores and fissures in the rocks. Philosophically, Agricola’s 

understanding of groundwater flow and storage mechanisms was one of the most important parts 

of his contribution, as it undercut the then-current paradigm: the presumed similitude of 

microcosm and macrocosm.  

Many other aspects of Agricola’s hydrological studies were important. He was the first to 

realize that overpressured water could fracture rocks, and to understand the importance of water-

rock reaction. From these he later derived his famous theory of ore deposit formation. He began 

to consider the processes that had shaped the earth as still being active: Avicenna had thought 

that erosion occurred in the past but had ceased. Agricola realized that erosion made mountains 

into plains and sculpted caverns in the present as well as in the past. He realized the long 
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timescale needed for such slow processes, and although he did not directly contradict the 

paradigmatic biblical chronology, his comments about the timescale of erosion foreshadowed the 

centuries-long controversy over it.  

Although many of the other aspects of Agricola’s work were eventually proven incorrect, 

these conclusions as well as his general approach contributed to Boyle’s solution chemistry, 

Steno’s and Kircher’s sedimentology, Peiresc’s and Perrault’s hydrology, and Werner’s 

neptunism. They also represent the first step in the long process of turning scattered speculations 

on underground water into the science of hydrology. Once common knowledge among earth 

scientists, the importance of Agricola’s work has fallen into obscurity in the last two centuries. 

This article summarizes his contributions to hydrology and discusses their roots and importance.  

 

INTRODUCTION 

As a practicing physician in a mining town, Georgius Agricola (1494-1555) had abundant 

opportunity to observe rocks, minerals, and waters underground. As an Italian-educated 

humanist, he knew how his observations compared to what the ancients had written about them. 

His books on mineralogy, ore formation, mining engineering, and hydrology fused his new data 

with a broad range of information judiciously selected from Pliny, Seneca, Aristotle, 

Anaxagoras, and other Greco-Roman authors about nature.  

Their influence was tremendous. Abraham Werner compared Agricola’s contributions in 

earth science to Aristotle’s in philosophy (Werner, 1791), Johann Wolfgang von Goethe likened 

him to Francis Bacon, and Conrad Gesner (1516-1565) called him a Saxon Pliny (Adams, 1938). 

These honorifics referred both to the wide range of Agricola’s interests and competence and to 
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his deviation from the ancient modes of reasoning in favor of a new empirical approach. Wells 

and White’s (1958) bibliography of geologists’ biographies sums up his contributions: “He was 

the first of the moderns” - the first to examine critically the much-venerated and often-erroneous 

dicta of the ancient authorities on earth science, and to introduce a systematic and observation-

based approach to the study of the earth. Adams (1938) uses 1546, the year Agricola’s major 

works were published, as the dawn of the Renaissance in the geological sciences.  

Apart from his contributions to developing a scientific method for the study of the earth, 

Agricola helped to develop a means for communicating its results. He made the first known 

maps of caves (Shaw, 1992), and the woodcuts from De Re Metallica (1556) are famous as early 

examples of technical illustration in geology. These, and his maps of caves, represent one of the 

earliest attempts to create the “visual language” vital to communicating geological information 

(Rudwick, 1976).  

Agricola not only helped develop these philosophical underpinnings to natural science, he 

also made major advances in several specific disciplines. His cave maps have already been 

mentioned. In mineralogy, he made the first mineralogical descriptions based on the minerals’ 

physical characteristics instead of mostly on their supposed occult powers (Agricola, 1546b). In 

geology, he was first to recognize the erosional cycle and the slowness of geological processes, 

and he propounded the first substantially correct theories of hydrothermal and placer ore deposit 

formation (Agricola, 1546a, 1556). He was first to claim that groundwater flowed through pores 

in rocks, not through subterranean rivers (Agricola, 1546a). The list of his important 

contributions to mineralogy, chemistry, speleology, and economic geology has filled many pages 

(e.g., Dibner, 1958; Multhauf, 1958; Smith, 1983; Shaw, 1992; Schneer, 1995).  
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Nevertheless, since the days of their popularity in the 16th through 18th centuries (e.g., 

Werner, 1791), Agricola’s works have fallen into an obscurity alleviated only by the translation 

of De Re Metallica (economic geology) in 1912, De Natura Fossilium (mineralogy) in 1950, and 

De Animantibus Subterraneis (zoology) in 1992. Both of the former works make it plain that 

their conclusions are based on the hydrology and allied studies that Agricola expounded in De 

Ortu et Causis Subterraneorum (Agricola, 1546b, 1556). for the last two centuries, even those 

well acquainted with De Re Metallica and with the history of hydrology have known scarcely 

anything of Agricola’s contributions to it.  

For example, the recent History of Hydrogeology runs to 400+ pages with but one paragraph 

on Agricola (Howden and Mather, 2013) - and the description of his hydrological work therein 

consists of a partial summary of his hydrothermal theory of ore formation, drawn from the 

translators’ footnotes to De Re Metallica rather than from its original source, De Ortu et Causis 

(Muzikar, 2013). Although a few other articles mention in a sentence or two that Agricola made 

some studies of hydrology and drew innovative and important conclusions, none of them does 

more than mention this fact; none states what the conclusions were (e.g., Tonini, 1977; Mather, 

2013). They only find a place in a few histories of geology. Adams (1938) devotes three 

paragraphs to Agricola’s theory of mineral precipitation as found in De Ortu et Causis, and two 

to his theory of the origins of springs and rivers. Oldroyd (1994) gives the same amount of space 

to the theory of mineral precipitation, and none at all to the hydrology.  

A change in emphasis in modern education is partly responsible for keeping Agricola’s work 

obscure. The modern curriculum stresses acquaintance with the modern literature, sometimes at 

the expense the ancient. Part of the responsibility also lies with Agricola’s Latin: De Ortu et 
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Causis, alone of Agricola’s major works, has never been translated. This paper presents the first 

English summary of its contents. In explaining how they departed from the past precedents and 

set the stage for future developments, it will also demonstrate that De Ortu et Causis laid the 

foundations for the science of hydrology.  

 

HYDROLOGY BEFORE 1546 

Practical hydrology had been around since the beginning of wells and irrigation ditches; 

devices measuring the level of the Nile go back to 3000 BC (Dooge, 2004) and Sumerian 

irrigation channels to 4000 BC (Nace, 1981). The oldest accounts of subterranean hydraulic 

engineering go back to Hezekiah’s inscriptions in the 8th century BC (Sarton, 1927, 249). 

However, in ancient times there was nothing close to hydrology, either as an organized scholarly 

study devoted to examining waters’ origins, circulation, and effects, or even as a set of 

hypotheses explaining an observed system, akin to Ptolemy’s astronomy. The far-ranging 

scientific interests of the ancient Greeks and Romans scarcely reached it, although a few 

hydrological questions impinged upon their philosophical inquiries and a few more were studied 

merely out of curiosity. Thus the Greeks did not trouble themselves about how water moved 

through the ground, how it might interact with the rocks it flowed through, or how long it took to 

move and effect changes in the earth. They focused instead on whether water, being one of their 

four elements, was the principle of all things; whether it caused earthquakes; how water got into 

the subsurface; whether there was enough rainfall to feed surface rivers and springs, or whether 

water had to be generated deep underground; how it could rise through the earth to supply alpine 

springs; and how it was stored underground.  



342 
 

The first of these issues became the most-quoted and least-respected part of the philosophy of 

Thales of Miletus (ca. 636-546 BC), who thought everything was water, and that the earth 

floated like a boat upon a cosmic ocean. From this he derived earthquakes, which happened 

when the boat rocked. Terrestrial waters were ocean water that had infiltrated the earth and, its 

salts filtered out, supplied rivers and fountains. The seawater was forced upward to alpine 

springs by pressure head, the cosmic ocean supposedly being hill-shaped and higher in the 

middle than by the land (Dooge, 2004). This was probably based on the what appeared to be the 

convexity of the ocean’s surface when viewed from shore; if the earth was considered flat, as 

Thales thought it was, the only way to explain such curvature was by attributing some 

topography to the ocean (Nace, 1981). His contemporaries received these ideas with as little 

regard as posterity has shown to them since. No one after him believed water was the universal 

principle or that it surrounded the earth in a cosmic ocean. Even Thales’ student Anaximander 

had the temerity to ask what held up the ocean (Oldroyd, 1994). Posterity has been kinder to 

Thales’ suggestion that water might effect changes upon the earth’s surface, a conclusion based 

on his observations of alluvium accumulating on river deltas (Adams, 1938).  

The question of supply for rivers and fountains became popular with Thales’ successors. 

Anaxagoras of Clazomenae (ca. 500-428 BC) thought precipitation sufficed, but only the Greek 

Peripatetic philosopher Theophrastus and the Roman civil engineer Marcus Vitruvius Pollio 

agreed. Everyone else thought that precipitation was not enough and had to be eked out by water 

generated within the earth. This left them with the thorny questions of what it came from, what it 

was stored in, and how it got to the fountains. To these questions, every philosopher had a 

different answer.  
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Finding underground storage for a water reserve was the least of the problems. Since the 

discharge of rivers did not seem to wax and wane with seasonal rainfall, it was taken for granted 

that they must be supplied by waters released from subterranean reservoirs. Most philosophers 

thought these were lakes like those on the earth’s surface; the rest thought of them as potlike 

receptacles that periodically poured out water into some sort of channel to the surface (Adams, 

1938). There was little discussion about the nature of the receptacles. Rather, the debate centered 

around the modes of producing and transporting the waters that filled them (Table 1).  

Anaxagoras had thought that the meteoric water ran through the earth in riverine channels 

akin to the ones found on the surface. This idea probably originated from the observation of 

water in caves, seemingly like lakes and rivers above ground; Seneca claims that such 

observations date from the time of Philip of Macedon (Shaw, 1992). This concept of 

subterranean rivers dominated hydrology up to and even past Agricola’s time. Xenophanes of 

Colophon (fl. ca. 500 BC) ignored the mode of water’s transport, and for its source he followed 

Thales in attributing groundwater to marine infiltration combined with evaporation and 

precipitation (Tonini, 1977). Herodotus (484-428 BC) ignored its source, but suggested a 

transport mechanism: water rose because the sun attracted it (Tonini, 1977). One Enopides of 

Chios, similarly discarding the issue of source, claimed that it was the earth’s internal heat rather 

than the sun’s that made the water rise. This he probably took from Anaximenes (Tonini, 1977). 

Anaximenes’ idea that the sun attracted water certainly attracted Diogenes (5th century BC), who 

struggled to reconcile it with Anaxagoras’ philosophy but never managed to state clearly whether 

he agreed with Anaxagoras that all groundwater came from precipitation (Tonini, 1977). Plato 

(428-348 BC) preferred the lake of Tartarus, supposed to reside deep within the earth, as a source 
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and sink: he thought that its continual sloshing sent waters surging up to the surface through 

underground rivers and eventually received them back again (Nace, 1981). He may not have 

meant this seriously; Pierre Perrault thought that Plato had been enjoying a diverting tale, not 

propounding serious science (Nace, 1974). Nevertheless, underground rivers became the 

preferred modus transporti of groundwater for the next two millennia: Johann Jakob Scheuchzer 

illustrated them very much as Plato had described (Scheuchzer, 1716; Fig. 1). Aristotle (384-322 

BC), as usual disagreeing with Plato, found the source of groundwater in underground caverns, 

where air entered, cooled, and condensed into water. This he founded on observations of 

condensation in the atmosphere and a belief that what was above the earth must have some 

parallel below it for symmetry’s sake – the idea that later philosophers developed into a universal 

system reaching between celestial macrocosm and earthly microcosm (Nace, 1981). Aristotle 

thought that the mountains were partly made of spongy matter that could wick up water to supply 

alpine springs. Theophrastus apostatized to Anaxagoras’ school by deriving all groundwater 

from precipitation, but in its transport, storage, and effects he followed his teacher Aristotle. 

None of the Greek philosophers after him appears to have pondered hydrology, and Aristotle’s 

opinions were held in almost religious veneration throughout the Middle Ages.  

The ever-pragmatic Romans had little theoretical interest in hydrology. Lucretius (96-55 

BC), in De Rerum Natura, followed Thales and Xenophanes in attributing terrestrial waters to 

marine infiltration, and like them did not trouble overly much about how it traveled in the earth. 

The first Roman contribution to that issue came from Seneca (3 BC - 65 AD), whose 

Quaestiones Naturales copied Aristotle in many respects but added some original touches. 

Seneca attributed the waters formed within the earth not to air condensing but to air transmuting, 
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as all elements could transform. He, too, believed that water moved through underground rivers, 

but allowed travel through veins to supplement it. These he likened to the veins in the human 

body, a pretty analogy that later writers would carry on in hydrology for close to two millennia. 

It made the earth system a macrocosm connected to the human microcosm in the medieval mind, 

which mapped the Zodiac onto the parts of the human body in similar fashion. Pliny (23-79 AD), 

however, preferred fluids to move only through the traditional subterranean rivers, thinking that 

the weight of the surrounding earth pushed water through them up to the surface.  

Meanwhile practical hydraulics had made progress. Ctesibius of Alexandria had developed 

an early water pump around 200 BC. A century later Hero of Alexandria formulated the 

dependence of discharge on velocity; by that time its dependence on area of flow was already 

well known (Dooge, 2004). Its relationship to elevation head had been determined at least by the 

first century AD, when Frontinus wrote about it in connection with Rome’s water supply, and all 

the ingredients of Darcy’s Law were in place. The Romans exploited water power for grinding 

grain, and Vitruvius had included in De Architectura the principles of the machinery needed to 

harness it. On the more theoretical side, he suggested that bitumen burning underground heated 

the water of hot springs, and that waters have more color, taste, and smell when hot than they do 

when cold (Tonini, 1977). These were two ideas that Agricola would revive in De Ortu et 

Causis. But the works of Hero, Frontinus, and Vitruvius were lost until the 15th century.  

Practitioners continued to outstrip theoreticians in hydrology and hydraulics through the 

medieval period. There were practically no new developments on the theoretical side. Scholars 

like Isidore of Seville (570-636 AD) were content to repeat the Greek and Roman concepts of 

water without development or critique, varnished only with Ecclesiastes 1:7: “All rivers run to 
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the sea, and yet the sea is not full; unto the place from which the rivers come, thither they return 

again.” (Adams, 1938) The one new note came from Bede the Venerable (ca. 700 AD), who 

attributed earthquakes not to groundwater, as some of the Greeks and Romans had, but to the 

biblical sea-beast Leviathan shaking its tail (Adams, 1938; Oldroyd, 1994). In the meantime, the 

water mills known but little used in antiquity gained in popularity. By the 12th century they not 

only ground grain but processed hemp, malted, milled paper, and ground pigments (De Camp, 

1960).  

Apart from Bede’s novel seismogony, the Middle Ages saw nothing new in hydrology. The 

early Renaissance merely recovered older knowledge without adding to it. In the late fifteenth 

century, Leonbattista Alberti analyzed the classical hypotheses on the origins of rivers and 

springs; in the early sixteenth century Leonardo da Vinci read them, and agreed with Seneca that 

the heat of the living Earth must circulate waters as humans circulated blood (Oldroyd, 1994; 

Dooge, 2004). But these observations were confined to his notebooks and sketches, not widely 

known or influential until well after his death (Hart, 1926; De Camp, 1960).  

Such was the accumulation of ideas on which Agricola built his hydrology.  

 

CONTENTS OF DE ORTU ET CAUSIS 

The five books of De Ortu et Causis focus on what things exist in the earth’s subsurface, 

which Agricola divides into two kinds: fluids that may erupt from the surface by their own force, 

and solids that must be dug out. In Agricola’s scheme, the solids crystallize out of the liquids, 

and so he defers their discussion to the last two books of De Ortu et Causis. The first three focus 
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on what fluids are present in the earth, how they move through it and interact with it, and how 

fluid-related processes shape the earth’s surface and subsurface.  

Book I divides the fluids into two types, water and juice (succus). Water is thin and simple; 

juice is denser and its composition is mixed. The distinction and characteristics of the two types 

are probably variations on the opinion of Hippocrates of Cos (460-377 BC), who divided water 

into a clear, light, thin part and a cloudy, dense one (Tonini, 1977). Agricola treats pure water 

first, starting with the origins of ground and surface water: did all of it come from precipitation, 

or did some of it have to be generated in the earth? This was one of the few parts of hydrology 

that had attracted attention and inquiry since the ancient Greeks, and its discussion occupies most 

of Book I.  

Agricola begins by expounding the two schools of thought: on the one hand the opinion of 

Anaxagoras, Theophrastus, and Vitruvius that all water was collected from precipitation, and on 

the other hand the opinion of practically everyone else that some of it arose within the earth. It 

had not occurred to anyone that water might arise within the earth in more than one way, so there 

was constant dissension over how it was generated: by infiltration of seawater, by discharge of 

subterranean lakes, or by condensation of steam rising through the earth. Further disputes lay in 

wait behind the last option, as none of the proponents could agree on whether it was the sun’s 

rays, or the Pythagorean central fire, or strong winds shut up inside the earth, or motion itself, or 

sulfurous veins, that provided the heat to make the steam. Seneca, offering a fourth possibility, 

had claimed that as everything in the sublunary sphere was mutable and elements are made out 

of one another, air might be condensed into water without the trouble of heating steam and 

cooling water from it.  
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After relating all of these possibilities, Agricola analyzes them in strictly Aristotelian terms. 

Thus he rejects the option of collecting all terrestrial water from precipitation, since perennial 

fountains and rivers exist even in the driest deserts. Moreover, if rainwater supplies alpine 

springs, and alpine springs flow at all times but rain is not falling all the time, some of the spring 

water must be coming not from rain but from a storage area. Since water cannot flow uphill, this 

storage area must be within the mountain at a place higher up than the spring. This leads 

Agricola to a brief tangent on a question he treats in more detail later: the mode of water storage. 

Aristotle had thought that water was held in potlike “receptacula”, but Agricola disagreed. No 

such receptacles have been found, he says, “even by diggers of metals, who almost turn 

mountains inside out: therefore either there is no such thing, or else if there is, it cannot be the 

source of fountains,” he says (Agricola, 1546a). This conditional rejection is curiously 

inconsistent with the position he takes later on in De Ortu et Causis, when he entirely denies the 

existence of such receptacles in favor of storing groundwater in veins and fissures.  

Agricola makes his first original argument, and perhaps his greatest specific contribution to 

hydrology, when he comes to how water travels through the earth. He comes to this from a 

discussion of Seneca, who had claimed that water could not penetrate deeper than ten feet into 

the earth. Yet, Agricola points out, a deep well encounters water two hundred feet down. Besides 

this, Seneca had argued that even mountain cliffs bare of soil and vegetation may emit water, 

which they could not have absorbed, so they must have produced it. It is in disagreeing with him 

that Agricola explains his views on the mechanism of groundwater movement. True, he says, 

water runs off solid rocks, but Seneca has neglected the fact that most rocks contain veins and 

fissures, and through these some of the rainwater soaks down into the depths of the earth. This is 
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new to hydrology. No one had ever considered veins and fissures in rocks as the principal means 

of water transport, even though Seneca had suggested they might serve an auxiliary role and 

perhaps channel water to depths slightly more than its typical ten-foot limit. Unfortunately, 

whatever its long-term implications, in the short term this concept leads Agricola to conclude 

that some water is meteoric and comes from rainfall soaking into the ground, but that the rest 

arises from some source within the earth and is transported to its surface via veins and fissures.  

What that source is leads Agricola through an intricate discussion of the aforementioned 

controversies about how water was allegedly generated within the earth. He begins with the 

oldest of the opinions, held “by those who place all cares in the mind of God: those whom the 

Greeks call theologians:” water flows out of the sea into the earth, where it lies shut up until its 

salt and bitterness are purged before flowing out into fountains. This had been the opinion of 

Thales, Xenophanes, and others. But Agricola rejects this on the grounds that the sea could not 

supply water to places above sea level. Capillary rise had yet to be noticed, and the concept of 

hydraulic head in natural systems seems never to have percolated from hydraulic engineering to 

natural philosophy. However, he acknowledges in a later passage that seawater must seep into 

the earth somehow, for wells dug near to the sea are saltier than wells inland.  

The second opinion was the most popular one: that water flows from subterranean lakes 

through subterranean rivers. This was based on the principle that the earth’s insides reflected its 

outsides; as Seneca had written, “Be assured that there exists below, everything that you see 

above” (Adams, 1938). Seneca himself may have intended this statement as a metaphor, but the 

men of succeeding ages took it as a prescription. Thus, just as the surface possessed marshes, 

swamps, rivers, lakes, and seas, so (they supposed) the interior swam with a vast complex of 
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similar waters, only sweeter. For his part, Agricola agrees that there was water underground in 

caverns, but he denies that these supply the surface with water, except for a brief time when the 

caverns are first pierced and water gushes out. He also repeats the objection he earlier raised 

about Aristotle’s water-storing receptacles: that some of these supplying lakes would have to be 

higher than the alpine fountains they feed, and no mining has turned up anything remotely likely 

to be one.  

After those who would have water arise from seas, under or above the ground, Agricola 

discusses those who would extract it from steam or from air. Aristotle was among the first, 

positing that steam rose through the spongelike ground, cooled, and condensed into water. This 

got around the difficulty of supplying alpine springs. Agricola disagrees about the sponginess of 

the mountains, which he states are relatively solid, but he follows Aristotle in deriving 

groundwater from steam condensing underground. Steam being wet, he finds it a likelier source 

for water than air, which Seneca had thought might be transmuted into another element. His 

objection to converting air into water is made on purely Aristotelian grounds: air is dry, water is 

wet, and though elements may transmute into one another, to go between these contrary qualities 

would require much time and many intermediate changes, and could not produce nearly enough 

water to supplement rainfall. Moreover, he adds later, a dry well is full of air, but this air fails to 

produce water.  

Having disposed of these ideas, Agricola expounds his own, drawing together the strands he 

spun out while discussing Seneca’s and Aristotle’s views. According to Agricola, whatever water 

does not come from rain must come from water that has percolated in from outside, or from 

steam. Water percolates in from rivers and from the ocean. There being a “terminal latitude” or 
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hydrological barrier beyond which water cannot flow, it must rise through veins and fissures, and 

flow back at a higher level - although convective overturn was clearly not what he was thinking 

of, it nevertheless resembles what he described (Fig. 2). This water, flowing through the earth, 

moistens it so that it produces steam when heated. The water, as Agricola has said before, flows 

through veins and fissures: water is formed first in tiny drops, which congregate up to a certain 

aliquot, and then begin to seep through fissures in the rocks. Fissures discharge into nearby 

veinlets; the veinlets discharge into veins; narrow veins into wider; and wide veins into wells or 

fountains. The phrasing of the last he borrows from Book III of Seneca’s Quaestiones Naturales.   

Having explained the sources of water to his satisfaction, Agricola is left to find a source for 

the heat that generates the steam. Here, too, he begins with a Previous Work section. Aristotle’s 

explanation is that the sun’s rays heat the water. Agricola rejects this, for hot springs flow as hot 

in winter as in summer, and as much in cold regions as torrid. A second, which originated with 

Lucretius, is that a strong wind enters the putative water storage caverns in the earth and is shut 

up there, where it heats the waters. Agricola rejects this too, for water in caverns is notoriously 

cold, and no wind could heat water to the temperature found in hot springs. A third opinion, 

whose origin he never specifies, is that the motion of waters, and their impact with rocks, heats 

them up. But miners know, and Agricola says, that however forcefully water falls onto the rocks 

on the floor of a mine, it stays cold. The other component of his argument against this is weaker: 

the Alpheus river, in the Peloponnesus flows under the sea to emerge in Sicily as the fountain of 

Arethusa, which is cold despite the length of its movement. (This bit of hydraulic mythology 

came from the fourth book of Virgil’s Aeneid.) A fourth opinion is that some subterranean heat 

produces the steam, but Agricola does not consider it possible for anything except fire to heat 
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water to the boiling temperature observed in hot springs. This is also his objection to the fifth 

opinion, that waters heat up by reaction with the sulfurous rocks they flow through. Hot waters 

do sometimes smell of sulfur, he agrees, and sulfur and bitumen ignite easily, but they are not 

themselves fiery.  

To make waters hot enough to generate steam and hot springs, Agricola goes back to the 

opinion of Empedocles, seconded by Vitruvius, that subterranean fire heated water. This raises 

another question: was the fire under the waters’ passageways, or actually within them? 

Empedocles was of the former opinion, but Agricola is of the latter, for no stone can endure fire 

without breaking, as can the bronze pipes that Empedocles had observed in baths. The fire must 

therefore reside within the same channels as the water.  

But, having attributed to fire-made steam the source of some underground water, Agricola 

has to explain how fire can be maintained in rocks. It was a common belief, he says, that fire 

might feed on calcareous rocks. The calcination of limestone for quicklime showed that fire 

could consume calcareous rocks, and the heat generated in slaking the quicklime probably gave 

rise to the idea that they could somehow store the heat of the fire and transmit it to the waters of 

hot springs. Nevertheless he deems this erroneous, for the heat thus produced soon dissipates, 

and could not be a reliable source for the perennial hot springs known. There must be some 

eternal fire, and to find it Agricola turns to Pliny’s account of peat- and coal-burning, and assigns 

the heat to burning bitumen underground, as Vitruvius did. Thus he reaches the end of his chain 

of reasoning: bitumen burns underground, heating passing water to evaporation; the steam rises, 

cools, and condenses into water again; and the water supplements the absorbed rainfall and the 
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water percolated in from rivers and the ocean. All together, he thinks, these supply the earth and 

its surface with water.  

Most of Book I is spent on this discussion, but Agricola devotes the last few pages to the 

properties of waters and how they make the other type of subterranean fluid, juice. Color is first 

discussed, and its intensity is proportional to the amount of rock dissolved in the water, which is 

proportional to its temperature: hotter waters contain more dissolved matter, and depart farther 

from the colorless clarity of pure water, than do cold ones. This, Vitruvius had said before. 

Agricola makes an analogy with Galen’s humoral theory of physiology, comparing the color 

changes in water to the concoction of blood from phlegm, yellow bile from blood, black bile 

from yellow and so forth. This, Seneca had said before. Agricola continues with how juices are 

made: water mixed with metals erodes them, and becomes a juice with a color and taste 

corresponding to the species it is mixed with, which he carefully enumerates and describes. He 

explains that all the juices come from mixing earth with water, except for oils, which float on 

water and therefore must partake of air. His comments are thoroughly Aristotelian and not at all 

original.  

This is the end of Book I, which Agricola recapitulates in the sentence that opens Book II. 

Book II concerns air within the earth, and for the most part it is a discussion of whether that, and 

fire and water moving within the earth, cause earthquakes or not. This was one of the most vexed 

questions about groundwater in antiquity ever since the days of Democritus of Abdera. He had 

thought that the pressure of rainwater percolating into the ground would shake it, and most 

authors after him were fascinated by that idea, whether or not they agreed with it (Tonini, 1977).   
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Before Agricola discusses the possibility of subterranean air movement causing earthquakes, 

though, he embarks on some considerations on the source of air within the earth: whether it 

flows in from the outside or arises there. This forms a parallel to his Book I discussion of water, 

and as in that case, he takes the median between the end-member views of Archelaus and 

Callisthenes (that all air flows in from outside) and of Seneca (that all air found within the earth 

originates there). Agricola thinks that part flows in, and part is generated within the earth. But he 

leaves this statement as an assertion, supported only by the comment that more air comes out of 

the earth than flows into it, and he drops the question for a disquisition on the motion of air 

within the earth. This, and the rest of Book II, is lifted from Book III of Seneca’s Quaestiones 

Naturales, sometimes almost verbatim, and has little bearing on hydrology. The sole connection 

is in the mechanism of groundwater motion: Agricola explains that when earthquakes shut off a 

flowpath, groundwater will find a new one, by force if need be. As evidence he cites the 

appearance of springs in new places in regions where recent earthquakes have stopped up the old 

springs. This derives from Agricola’s earlier concept of water movement through veins and pores 

rather than in underground rivers. It is the first known expression of the idea of hydrofracturing, 

which later helped to support the theory of ore deposit and mineral formation advanced in De Re 

Metallica (Agricola, 1556).  

Book III is more relevant to hydrology, and fascinated Athanasius Kircher and Steno. In it, 

Agricola discusses some of the consequences of water flow in and on the ground. The first of 

these is erosion. “For first the torrents wash away the soft earth; next they carry off the harder 

earth; then even the stones rush down. And thus, over some years, they excavate the level 

plains... And in the same way they make caverns, digging them out to a wondrous depth over 
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many lifetimes of men...” Agricola further expounds the softening effects of water on rock, and 

suggests that the most rounded landforms are the ones longest exposed to erosion. Here is deep 

time in embryo: “When, where, and how began these many and great movements [lit. changes of 

place], are so remote from the memory of man, on account of their antiquity, that it is not plain 

that they are happening, although they do happen, in a very great degree.” Later, he adds, 

“Because most places do not change through many ages, to the ignorant, this kind of change does 

not seem to happen.” 

The idea of erosion is not entirely original to Agricola. Avicenna had recognized that water 

and wind sculpted landscapes, but had confined their effects to having carved mountains out of 

plateau at some point in the distant past (Geikie, 1905). Considering it only as a way of building 

mountains, he did not think that erosion operated on them and reduced their size too. Nor did he 

consider erosion an active process. Agricola differed on all three counts: the long time that 

erosion required, and its past and present role in leveling the landscape, originated with him. 

However, all of his references to the timescale of erosion are so vague that it is impossible for 

the modern reader, or the sixteenth-century Inquisitor, to tell whether or not they clashed with 

biblical chronology. There are no data to indicate whether Agricola was being deliberately 

cautious, and if so, for what reasons, or merely preferred not to over-interpret his observations, 

or did not think the conclusion especially important.  

Book III also contains the exposition of vein formation and classification that Agricola later 

applied in De Re Metallica. Its only import for hydrology is, once again, its mechanism. He 

explains that veins form when water pressure builds up and finally forces its way through the 

rock by fracturing it. He had already suggested his in Book II with his discussion of earthquakes. 
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In Book III he gives the details: hydrofracturing happens only in the hardest and most brittle 

rocks. Earth and softer rock permit water to pass through without fractures. There is also a 

contribution from the force of the water in determining the type of veins formed. Strongly 

impelled water fractures brittle, hard rocks and creates many small veinlets; softer rocks allow 

water under less pressure to find a single large, diffuse channel instead of many small ones, and 

their combination results in the replacement deposits or venae cumulatae, low-dipping veins or 

venae dilatatae, and narrower, high-dipping venae profundae discussed and beautifully 

illustrated in De Re Metallica.  

From there Agricola passes to the properties of juices, which to him meant water mixed with 

earth. He discusses them at moderate length, and for the rest he refers the reader to De Natura 

Fossilium. However, he expands upon solidified juices. The congelation, he says, can occur by 

either heat or cold. Although interesting to economic geology - Agricola clearly understood that 

water transformed sulfide to oxide ores - these have little bearing on the history of hydrology. 

But the closing discussion of how flow paths determine the geometry and morphology of 

precipitated minerals is more interesting. Water diffusing slowly through a rock unit produces 

fine, disseminated minerals; water localized into a few channels produces small pockets of 

coarser minerals. He also explains stalactites as the result of juices dripping from above, and 

crusts as the result of crystals mimicking a substrate’s shape.  

The last two books of De Ortu et Causis are given over to stones, which Agricola views as a 

consequence of juices solidifying. These juices, as he stated in Book I, were a mixture of earth 

and water. In giving water such a prominent role in forming minerals, he differs from Aristotle 

and Theophrastus, who attributed them to vapors and to earth respectively. As a matter of fact, 
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Agricola says, water is the most important constituent of stones and of metals, for it determines 

their color, hardness, density, and ease of melting. Water and juice precipitating minerals can 

cement lithic fragments into rocks which Agricola distinguishes from other sediments and the 

rocks that form from them. This leads into the question of how the rocks can receive the 

cementing or lapidifying fluid: clearly they must have pores of some kind.  

Agricola attached great importance to these pores. According to him, they determine what 

kind of stones can form, for they can either localize the heat or cold that congeal juice into stone, 

or distribute it widely. If heating or cooling is distributed, its influence is spread over the whole 

area and nowhere is the juice hot or cold enough to form metals and precious stones. However, if 

pores in the rock channelize and thereby localize heat or coldness, it affects relatively small 

aliquots of juice relatively intensely, from which metals and precious stones precipitate in 

abundance. This, he says, explains why some rocks have abundant mineralization and others are 

barren. Water penetration also determines the hardness and resistance of stones, for the hardest 

rock may be made friable and turned into dust if water percolates into it.  

The quality of juice and water are present in a rock determines what stones form: the less the 

juice and the more and purer the water, the more precious the stone. Mixed juices form inferior 

stones. This is based on Aristotle’s idea that “everything strives toward the better” and its 

medieval descendant, the idea that all metals and stones were gold and precious stones in 

embryo, and slowly grew towards the best possible state unless mining interrupted their progress 

(Dibner, 1958). Agricola dissented from common opinion that metals and stones grew within the 

earth, but it must have been natural for him to associate the quality of the products with the 

quality of the reactants (Dibner, 1958; Norris, 2009). In Book V this is continued and developed 
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to the point of catalog: every metal is composed of earth and water intermixed, and the quantity 

and purity of the earth determine whether it is iron, copper, silver, or gold. More interesting to 

hydrologists is the discussion, also in Book V, of how the type of the mixture affects the 

workability of the result: rocks concocted from a diverse mix of materials be worked with great 

difficulty if at all, whereas homogeneous rocks with pores appropriately disposed transmit the 

force of hammer blows and break properly. Furthermore, the rocks and minerals melt more or 

less easily according to the amount and quality of water and juice that inhere in them. Most of 

the rest of Book V is an extended comparison of the opinions of Albertus Magnus and ibn Juljul 

(“Gilgil Mauritanus”) on the origins of metals; only one more aspect is striking, and that is when 

Agricola contradicts Albertus Magnus by giving a correct account of the origin of placer 

deposits. Gold is not, as Albertus claims, generated in streams; rather, they carry it away from 

the mountains they have eroded. This is the last of many examples in Agricola’s work where one 

of his theories linked with another – in this case, erosion with the origin of ore deposits.   

This ends De Ortu et Causis.  

 

INFLUENCE OF AGRICOLA’S WORK 

The five books and eighty pages of De Ortu et Causis contain almost nothing that others had 

not discussed before. The questions Agricola considered had all been part of the classical and 

medieval canon, and they continued to be the focus of hydrological discussion for another 

century after his death. The Greeks and Romans had dealt with the origins of subterranean 

waters, their storage and passage in the earth, their role in causing earthquakes, hot springs, and 

assorted other phenomena, and the formation of minerals. The alchemists had described the 
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various mixtures of metals, earths, and juices, their tastes, colors, odors, and densities, and had 

described their supposed roles in determining the properties of metals and minerals. Agricola 

admitted most of these debts: his book is larded throughout with citations from Aristotle, Pliny, 

Ovid, Lucretius, Vitruvius, ibn Juljul, Avicenna, Albertus, and most of all Seneca.  

Where the questions are timeworn, so are his answers, which are almost the same as the 

Greeks’: Agricola mostly echoes Aristotle’s words or reasons from Aristotle’s principles, on 

everything from the origins of water to the properties of metals. It was on the less-traveled 

ground that he cut new paths. His modification of Avicenna’s ideas about erosion is subtle but 

new, and there is no known precedent for his ascription of placer deposits to erosion and 

deposition rather than to spontaneous generation in rivers, which was what Albertus Magnus had 

suggested. Even on the well-beaten roads of thought Agricola sometimes manages to take an 

original turn: though Seneca had gone halfway to attributing a little groundwater movement to 

flow in fractures, no one before Agricola had favored veins and fractures to the total exclusion of 

underground rivers.  

There was more significance to his rejection of this concept than there might seem. The 

subterranean rivers were one part of a vast network that had united the geocentric universe in a 

system of macrocosm and microcosm. In that system, everything above had its reflection below, 

and the two were in sympathy: thus the parts of the human body mapped onto the signs of the 

Zodiac, and the earthly ecclesiastical hierarchy reflected the celestial divine one (and usually 

claimed its authority). The homunculus was the microcosm of man just as man was the 

microcosm of the universe. As late as its 1716 edition, the frontispiece to Lazarus Ercker’s 

Treatise on Ores and Assaying showed the influence of the celestial spheres upon the ore-bearing 
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mountains (Ercker, 1716). The world lived and worked on the assumption of some similarity 

between things above and things below. This implied that water flowed under the ground as it 

did above it.  

Agricola’s rejection of underground rivers denied that assumption. He did not contest the 

overall idea of macrocosm and microcosm, nor did he even bother to discuss it. He carried on 

Seneca’s comparison of human blood flow to terrestrial water circulation without demur. But he 

refused to employ the presumed similitude between aboveground and belowground to carry an 

argument. He could and did appeal to the natural order of the universe, but he did not insist that 

that order had to be symmetrical about the earth’s surface, as natural philosophers had assumed 

since Plato. Thus, apart from providing Western earth science with the first substantially correct 

assessment of groundwater movement, Agricola’s views represented a major and original break 

with the philosophy of the past. He provided the nascent earth science with a new mode of 

reasoning and standards of evidence. The beautiful hypothesis and the ancient authority were 

thereafter to be held as truth only if they adequately explained the facts.  

Another break was in his insistence that rocks could be altered. Previously, their character 

was supposed to be ordained at the time of their creation. They might grow like plants, and 

Strabo’s Geography records periodic closures of the iron mines of Elba and the limestone 

quarries of Rhodes to allow the ore and stone to regrow themselves. But though they could 

increase, they were not supposed to change their character (Norris, 2009). Agricola was the first 

to insist that ores, veins, and some minerals might enter a rock well after it had formed. In doing 

this he implicitly denied that the earth was somehow vital, as Seneca and most of the ancients 

had thought and as the medieval philosophers had repeated. This, too, was a major break with the 
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views of the past, and in some ways akin to the rejection of microcosm and macrocosm. Agricola 

would not reason by analogy to plants any more than he would reason by analogy to surface 

processes or the macrocosm.   

There is no evidence that Agricola was aware that his style of reasoning represented such 

radical breaks, or even that his conclusions about groundwater transport and rock alteration 

might fray the lines that connected earth to heaven in the reigning cosmology. The discussion of 

subterranean water movement is persistent but casual, as if its author did not expect or intend it 

to stimulate any objections. Only in one place in De Ortu et Causis did he seem to have any 

concerns about the impact of his work: in the middle of Book II a pious paragraph protests his 

orthodoxy against the Stoic, half-pantheistic belief in vitalism that he had just quoted from 

Seneca. Groundwater flow through fractures and veins seemed like an innocuous suggestion. 

Scientifically it probably was, but philosophically it helped to delegitimize the time-sanctioned 

procedure of reasoning from presumed parallelism.  

It certainly delegitimized underground rivers, which began a leisurely exit from the 

hydrological literature. Athanasius Kircher and Johann Jakob Scheuchzer retained them into the 

seventeenth and early eighteenth centuries respectively, but Steno, Perrault, and Palissy all 

favored water transport through veins and fractures, and it was their work that did most to shape 

the nascent science (Steno, 1667, 234; Halleux, 1982). The evidence in Palissy’s case is 

ambiguous, but Steno and Perrault openly acknowledged that Agricola’s ideas had helped shape 

their own views of water flow through the earth.  

Palissy’s work parallels Agricola’s in several places through his Discours admirable. His 

explanation of the causes of hot springs and earthquakes is the same as Agricola’s (Palissy, 1584, 
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p. 42-43), he considers groundwater to move by percolating through cracks and fissures (ibid., p. 

56), and he too attributed mountain springs to water condensing out of steam, the only 

mechanism for raising water that would be known until Kircher postulated capillarity (Halleux, 

1982, 120) and hydraulic gradients were understood. The parallels are so close that it is tempting 

to claim Palissy had read Agricola or at least knew the main points of his work. However, 

although Thorndike thought that this was the case, it is still uncertain; there was no French 

translation of it available at the time, and he possessed no Latin (Palissy, 1584, 12). Palissy 

believed in the receptacle-type reservoirs that Aristotle had posited and Agricola had denied 

(Palissy, 1584, 56), so if he had absorbed Agricola’s diffused opinions he had done so with 

discrimination.  

There is more evidence in the case of Perrault, who called Agricola “l’avis de Cardan” (the 

teacher of [influential natural philosopher Jerome] Cardan) (Perrault, 1678, 49), and who 

followed him on the question of water transport through veins and fissures (Perrault, 1678, 210). 

For that matter, he thought magma traveled the same way (Halleux, 1982). Nevertheless he, too, 

contradicted other of Agricola’s conclusions: he incorrectly denied that water could penetrate 

more than twenty or thirty feet into the ground, and he correctly derived all surface water from 

precipitation (Perrault, 1678, 197ff). 

Steno had certainly read Agricola. Sections of the Prodromus read like summaries of the 

analogous parts of De Ortu et Causis. His borrowings were heaviest in the subjects of mineral 

origin by precipitation from groundwater (Steno, 1669, 250ff), in the partial origin of water by 

condensation from subterranean steam (Steno, 1669, 234), and in the effects of heating by the 

central fire (Steno, 1669, 267), but he also followed Agricola’s explanation of how water moves 
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in veins and pores through the earth. With his customary piety he adapted Agricola’s explanation 

of groundwater movement to the Biblical Deluge, suggesting that it happened when the seawater 

that infiltrated into the earth had welled up and spilled over onto the land upon finding its 

customary pores and passageways blocked (Steno, 1669, 266). He also agreed with Agricola that 

wind and water, primarily water, sculpted mountains (Steno, 1669, 233-234).  

This last, the concept of erosion, is another of Agricola’s minor conclusions with major 

implications. No one found heresy in allowing the action of runoff water to turn a mountain into 

a valley, or of waters shut in the earth to hollow out caverns. But Agricola clearly had more in 

mind than a process by itself. For processes act through time, and he expressly included time in 

the erosional cycle that he was first to state: the mountains became plains, and caverns opened, 

bit by bit through great lengths of time. In stating that these changes occurred “over many 

lifetimes of men” he remained unspecific enough to forestall suspicions of heterodoxy. Perhaps 

this was deliberate. He published De Ortu et Causis during the last stages and the early aftermath 

of the Protestant Reformation, at a time when practically the only thing that both Protestants and 

Catholics agreed on was that anyone who contradicted the Bible should be burned at the stake. 

The Counter-Reformation had not yet reached its height, but Agricola might still have felt that it 

was advisable not to say exactly how long it would take dripping water to level a mountain.    

Similar or more drastic precautions were still needed in the next century. Steno and Kircher 

both had to reconcile Biblical chronology with geological evidence and with Agricola’s concept 

of erosion as sculpting mountains, and accordingly were compelled to catastrophism as an 

explanation for topography (Steno, 269). Nevertheless, everyone realized that timescales were a 

problem, and they loomed large in scientific discussion in the ensuing two centuries (Dean, 
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1981, 441-446). In all probability it was a question that would eventually have been raised 

without Agricola’s work, but his was one of the earliest voices to raise it.  

The issue of geological against human chronology, and the illegitimacy of reasoning from 

presumed similarity with the earth’s surface, are the two main contributions of De Ortu et Causis 

to the history of science. They stand over and above the many specific contributions Agricola 

made to hydrology, although those specifics are significant in their own right: the new 

understanding of groundwater flow and storage mechanisms, of the profound effects of water on 

rocks and rocks on water, of the role of erosion and its timescale, and of minerals’ precipitation 

out of water.  

Much of the philosophical class of Europe in the late 16th century and afterward were 

familiar with Agricola and his conclusions, and the influence of De Ortu et Causis reached far 

beyond hydrology (Werner, 1791; Adams, 1938). His concept of groundwater movement 

through and interaction with rocks was the basis for Agricola’s own theories of ore deposit 

formation, both for placers and for vein and replacement deposits (Agricola, 1556). Perrault 

suggested that magma moved through the crust in the same way that Agricola considered 

groundwater to (Halleux, 1982). Robert Boyle’s understanding of natural solution chemistry was 

much influenced by Agricola’s theory of water-rock interactions and his descriptions of the 

compositional change in water after reaction with various substances (Multhauf, 1958). And 

A.G. Werner’s New Theory of the Formation of Veins, and his neptunism, are based on the 

understanding of groundwater that he found in De Ortu et Causis (Werner, 1791).  

Since Werner’s days, though, Agricola has fallen out of hydrologists’ view. Partly this is 

because his theories of ore deposit formation have received excessive attention, to the exclusion 
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of the hydrological theories they are based on. Partly this is because of the inaccessibility of De 

Ortu et Causis; unlike Agricola’s other major works, it has never been translated. Nevertheless, 

it represents Europe’s first major advance since antiquity in understanding the role of water in 

shaping the earth’s surface and subsurface.  
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FIGURE CAPTIONS 

Fig. 1. Subterranean lakes and rivers of groundwater supplying surface water. From Scheuchzer 

(1716).  

Fig. 2. Cartoon illustrating Agricola’s concept of groundwater rise induced by a hydrological 

barrier.  

 

TABLE CAPTIONS 

Table 1: Ancient views on groundwater. 
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Figure E.2: 
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TABLES 
Table E.1 
 

Source Time View Known from: 
Thales c. 636-

546 BC 
Groundwater is purified seawater forced into 
earth from surrounding cosmic ocean 

Quotation in 
Aristotle, Met. 

Anaxagoras c. 500-
428 BC 

Precipitation infiltrating earth supplies all 
groundwater 

Quotation in 
Aristotle, Met. 

Xenophanes c. 570-
475 BC 

Seawater infiltration and precipitation combine 
to form groundwater 

Quotation in 
Aristotle, Met. 

Diogenes 5th cent. 
BC 

Sun draws seawater through earth’s  
subterranean rivers, supplemented by water 
generated within earth (source unspecified) 

Fragments of On 
Nature (Peri 
Physeos) 

Plato 428-348 
BC 

Water sloshing up from Lake Tartarus through 
underground rivers, plus some precipitation 

Timaeus (Tartarus), 
Critias 
(precipitation) 

Aristotle 384-322 
BC 

Air condensing and transforming into water in 
underground caverns, plus some precipitation 

Meteorologica 

Theophrastus 371-287 
BC 

Precipitation infiltrating earth supplies all 
groundwater 

On Winds 

Lucretius 96-55 BC Groundwater is purified seawater infiltrating 
earth 

De Rerum Natura 

Seneca 3 BC-65 
AD 

Air transmutes into water within earth, carried 
through veins and underground rivers 

Quaestiones 
Naturales 

Vitruvius 1st cent. 
AD 

Precipitation infiltrating earth supplies all 
groundwater 

De Architectura 

Pliny 23-79 AD Groundwater, condensing from air within 
earth, carried in underground rivers 

Historia Naturale 
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ABSTRACT 

Georgius Agricola’s De Re Metallica (1556) has long been recognized as a founding text 

of economic geology. Its specific contributions to the study of ore deposits are many and famous. 

Less well understood are the contributions that Agricola made to the philosophical development 

of earth science. He made personal observations and artisanal knowledge respectable in the 

scholarly environment.  

The classical Greek and Roman philosophers had paid little attention to the field we now 

call earth science. The lack of ancient authority made it necessary for Agricola to rely instead on 

observations, both his own and others’, and on the artisanal knowledge that miners had 

accumulated over the generations. De Re Metallica represents his effort to obtain scholarly 

recognition for those forms of knowledge. It is one of the first works to defend what had been 

considered a dirty tradecraft as a worthy pursuit for scholars, both by explicitly stating the 

intellectual demands of the mining profession and by enshrining its accumulated practical lore in 

the classical Latin form then considered proper for scholarship. Agricola’s work led to the 

acceptance of mining as a field of serious study, thus founding economic geology, but it also 

contributed to the acceptance of observation as a basis for the study of the earth and to the 

acceptance of artisans as sources of scholarly knowledge.  

Those methods led him to conclusions vastly different from the understanding of the 

earth before his time, for instance the theory of lateral secretion, his discovery of over 20 new 

minerals, and his reform of mineralogical nomenclature. These are by far the most famous parts 

of Agricola’s contribution, although many of them have been surpassed or made obsolete. But 
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his work in gaining scholarly credibility for observational and artisanal knowledge has proven 

far more important.  

 

INTRODUCTION: GEORGIUS AGRICOLA 

The Hoovers’ translation of De Re Metallica opens with a short biography of its author, 

briefly summarized here. . Georg Bauer (1494-1555) wrote under the name “Georgius Agricola”; 

he lived in an age when scholarship spoke Latin. By training he was not a geologist. He was a 

physician, having earned a baccalaureate of medicine in 1518 at the University of Leipzig, where 

he studied with the renowned Renaissance philologist Petrus Mosellanus. Like most students of 

that time, Agricola also received a broad and thorough grounding in theology and the Greco-

Roman classics along the way. He continued to read them during graduate studies at various 

Italian universities between 1524 and 1526. He established his credentials in classical 

scholarship by publishing a Latin grammar in 1524.  

The early sixteenth century was a turbulent time to live in the Holy Roman Empire. In 

1517 Martin Luther had nailed ninety-five theses to the door of the Wittemberg cathedral and 

had called into question the religious foundations of social existence. Controversies over the 

Reformation were to last more than a century, and they filled the graveyards of Europe. Agricola 

was a staunch Catholic and longed for the reunion of denominations. Perhaps partly to that end, 

he maintained friendships on both sides: his correspondents included the Catholic theologian 

Desiderius Erasmus as well as Luther’s right-hand man Philip Melanchthon (Agricola, 1556). 

One of his friends and a former assistant, Johannes Foerster, helped Luther in his translation of 

the Bible. Agricola himself wrote several books of Catholic theology, and several more on 
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medicine. Today none of these is read, but his examinations of the earth have proven more 

durable. They number six: De Ortu et Causis Subterraneorum, De Natura Eorum quae Effluunt 

ex Terra, De Natura Fossilium, De Veteribus et Novis Metallis, Bermannus, and his last and 

most influential book, De Re Metallica. All of these were the fruits of his three-decade career as 

a physician in mining communities, especially in Chemnitz, where he spent the last twenty years 

of his life.  

Production of nearly 300 detailed woodcuts delayed the publication of De Re Metallica 

until 1556, one year after its author died. Centuries later, it became one of few books fortunate 

enough to find translators as notable as its author. Mining engineer and future American 

president Herbert C. Hoover provided most of the technical expertise, but his wife Lou Henry 

Hoover was a better Latin scholar, and the work of translation was chiefly hers. Her own 

background, as the first woman to earn a geology degree from Stanford, had equipped her well 

for it. Their translation was published in 1912 with exhaustive and detailed footnotes, and it 

remains the standard a century later.  

The purpose of this article is to evaluate De Re Metallica, Agricola’s contributions, and 

how they represent a break with some of the customs and traditions of scholarship in his time 

and represent the continuation of some others. After describing the contents of De Re Metallica 

and highlighting particularly important contributions, we will compare them to the state of 

scholarly literature on the earth in the late sixteenth century. Only when we have seen what 

Agricola started from can we understand how his work supports the edifice that modern 

scientists stand in today.  
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I. DE RE METALLICA 

De Re Metallica is not a book about geology. It is about mining. Much of the geological 

content of the Hoover edition is in the authors’ footnotes, which supply the reader with the 

relevant material from De Ortu et Causis Subterraneorum (hereafter De Ortu) and De Natura 

Fossilium. These are Agricola’s more specifically geological books, and he often refers to them 

in De Re Metallica, which focuses more on the mining-related consequences of the geology. This 

is, in part, because Agricola modeled his treatise on Columella’s De Re Rustica, a classical 

Roman handbook on agriculture with a maximum of practical advice and a minimum of 

theoretical background.  

Like agriculture, the value of mining and its worthiness to be studied were not generally 

accepted in the 1500s. Thus De Re Metallica, like De Re Rustica, begins with a justification of 

its own existence. As Agricola writes at the beginning of Book I, “Many persons hold the 

opinion that the metal industries are fortuitous and that the occupation is one of sordid toil, and 

altogether a kind of business requiring not so much skill as labor.” (Agricola, 1556, 1) Agricola 

asserts the contrary at length. Miners must know many things: what kinds of rocks and minerals 

exist, where to prospect, how to extract the ores, how to process the multifarious types, and how 

to deal with planned and unplanned byproducts. “Furthermore,” he continues, “there are many 

arts and sciences of which a miner should not be ignorant. First there is Philosophy, that he may 

discern the origin, cause, and nature of subterranean things; for then he will be able to dig out the 

veins easily and advantageously, and to obtain more abundant result from his mining.” (Agricola, 

1556, 3) He follows this by requiring the miner to be conversant with Medicine, Astronomy, 

Surveying, Mathematics, Architecture, Drawing, and Law. With half the seven liberal arts being 



377 
 

necessary to understand it, mining was a worthy subject for scholarly attention and miners were 

members of a learned profession.  

After justifying himself on that front, Agricola spends most of the rest of Book 1 

defending mining against another attack – the complaint, current and recurrent since Greco-

Roman days, that metals serve so many evil purposes that it is better for all concerned if they are 

left in the ground. Agricola acknowledges that metals are used for making instruments of war 

and torture, but enumerates the social and technological benefits that outweigh those evils in his 

mind. Besides, he adds, metals are not intrinsically evil though they be put to evil purposes. To 

state that anything on earth is bad in se would be to imply that the beneficent Christian God 

created something evil - which opinion, as Agricola puts it, “is certainly not worthy of pious and 

sensible men.” (Agricola, 1556, 12)   

Book 2 moves on to what one needs to succeed in the mining business. Location is the 

most important, and most of the book focuses on how to find a mineralized site to mine. To this 

end Agricola discusses exploration techniques. Pace Paracelsus, this marks the first time that 

anyone had evaluated mineral dowsing, then a common technique, on its merits. On the basis of 

that evaluation he excludes the dowsing rod from the miner’s toolbox: in De natura rerum 

Paracelsus had noted that “for every time that it yields a profit, ten times are men led astray”, and 

Agricola concurs. He adds that furthermore dowsing is tainted with black magic, the rod having 

originated with the caduceus of Mercury, the wand of Circe, and the staves of the Egyptian magi 

in the Book of Exodus. In the place of such suspect methods he recommends that the prospector 

try looking for outcropping deposits, for metals weathering into streams, or for the changes in 

vegetation and in frost pattern that marked areas where sulfides were exposed at the earth’s 
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surface. This is one of the first places in De Re Metallica where Agricola’s reliance on 

observation comes to the fore.  

In Book 3 Agricola gives the aspiring miner a quick introduction to Saxon mineral 

deposits. It is the most specifically geological part of De Re Metallica, although Agricola’s range 

was limited to the local vein- or lode-type and replacement deposits. In Book 3 he describes 

these and teaches the miner to describe them. All deposits he calls venae: vena profunda, an 

angled or deep vein, cutting the surface at a high angle; vena dilatata, a wide vein, more or less 

horizontal, not too clearly distinguished from a bedded or replacement deposit, which for 

Agricola is vena cumulata. He tells the miner how to measure vein orientation with the 24-point, 

wind-based sailor’s compass, and for the first time in Western literature he describes crosscutting 

vein relationships. He illustrates these in a woodcut, and lays it down that if vein A crosscuts 

vein B, vein A postdates vein B. This appears a simple statement, but it was one of Agricola’s 

departures from the reigning view, which was that rocks might grow like plants but could not 

alter their fundamental character. The implications of this are discussed below.   

Veins also provided Agricola with an opportunity to push another of his works, De Ortu 

et Causis Subterraneorum. In a footnote, the Hoovers excerpt the relevant section: it is his 

discussion of vein origins, which the Hoovers believed should be far better known among 

geologists. In Agricola’s interpretation, ore deposits form when waters pass through one rock, 

strip metals from it, travel to another rock, and precipitate the metals. Allowing for a pre-

chemical-theory fuzziness about trapping mechanisms, this is uncannily similar to one of the 

modern interpretation of hydrothermal ore deposit formation, or what used to be called the lateral 

secretion theory. Agricola was first to propose it, and this is the most talked-about facet of his 
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work. However, he cites no evidence for it and seems to have come to it from pondering books 

rather than rocks. Thus is most likely that in the search for a plausible explanation for vein 

formation and mineral occurrence, he hit near to the right one by sheer luck. In spite of its 

ingenuity and its resemblance to the modern interpretation, his theory of vein formation does 

Agricola less intellectual credit than some of his other contributions to geology.  

One of the greatest of those was clearing away some of the pseudoscience that passed for 

scholarly study of rocks and minerals at his time (Halleux, 1974). In Book 3 he takes pains to 

refute the widespread belief that the moving celestial bodies controlled the growth of ore, and 

that east-striking, south-dipping veins, having the maximum surface area exposed to astral 

influences, were the most profitable to mine. This idea, beloved of alchemists, possessed the best 

and most educated minds of Agricola’s time, except for him. It had the imprimatur of Albertus 

Magnus, who earned Agricola’s double refutation in Book 3 and in De Ortu et Causis 

Subterraneorum: he had stated that the gold in placer deposits forms in the streams, and Agricola 

thought that the gold came from gold-bearing rocks weathering into the streams. This is the first 

known statement of the modern interpretation of placers.  

Book 4 describes claim-staking etiquette in 16th-century Germany. By law, the claimant 

must stand at the windlass in the presence of witnesses and call down heaven’s retribution upon 

his own head and hands if he lied in saying that the vein he claimed was his own. Assuming 

divine punishment did not materialize, the claimant could then divide his claim with the king, the 

queen, and four of the mining officials in the bureaucratic hierarchy enumerated in Book 4 at 

numbing length. Ownership of the mine itself was further subdivided among shareholding 

parties, usually in 128 shares, whose holders agreed to follow a set of common rules or forfeit 
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their claims. The causes of forfeiture included poor hydrologic management leading to floods in 

someone else’s tunnel; cessation of work for more than 8 days; and failure to contribute to the 

common purse. Book 4 then continues with a description of surveying the claim and mine shafts. 

It is replete with rectangles representing surface claims and triangles for measuring shaft lengths.  

Book 5 discusses and illustrates the surveying calculations themselves, and begins the 

section on mine working. Most working then involved hammers, although difficult rocks could 

be fire-shocked and Agricola repeats in all sobriety an old tale that fire and vinegar were 

effective at cracking rocks. This had originated when a medieval scribe miscopied Livy’s infossa 

acuto as infusa aceto, leading subsequent generations to believe that Hannibal had cut a path 

through Alpine rocks with infusions of vinegar rather than with sharp cracking (Agricola, 1556, 

119-120). Less amusing but more important is Agricola’s stratigraphic description, the first of its 

kind. The Kupferschiefer and Mansfeld cupriferous shales are still recognizable in it.  

At this juncture Agricola warns the prospective miner of the importance of ore 

mineralogy and inserts a reference to De Natura Fossilium to guide him through its intricacies. It 

remains a complex subject today and was doubly confusing in his, when the alchemists had had 

several centuries to muddy waters never very clear to begin with. Their terminology was 

picturesque but inconsistent and imprecise, and among mineral properties they included powers 

of invisibility and healing. For instance, chrysocolla could mean the mineral chrysocolla, or 

borax, malachite, solder, or certain types of paint pigment; molybdaena meant slag, galena, 

argentiferous galena, litharge, or miscellaneous lead ores (though not molybdenum, as yet 

undiscovered); cadmia was used indiscriminately for zinc and for the cobalt that had not yet been 

recognized as a metal. Chrysopasius was dark at night but shone in the daytime, and dionysias 



381 
 

could prevent intoxication. For Agricola it sufficed to say, in De Natura Fossilium, “Of the 

powers which the Persian magicians and the Arabians attribute to certain stones and gems I will 

say nothing. Dignity and propriety oblige a man of science to reject them entirely.” He preferred 

to describe minerals by their physical properties. Argentum rude plumbei coloris and argentum 

rude rubrum translucidum lack the euphony of alchemical mineral names, but four centuries 

later we can still recognize “mixed silver with the color of lead” and “mixed silver, red and 

translucent” as argentite and proustite. Twenty of the 80-odd minerals Agricola named in this 

fashion are still considered valid species today (Morello, 2006). Dana estimated that Agricola 

had described a quarter of all the minerals known at the time of his death (Adams, 1938). The 

contribution earned him his seventeenth-century title of Father of Mineralogy and was a 

significant advance over old alchemical names and over contemporary attempts at systematic 

nomenclature (e.g., Gesner’s; Adams, 1938).  

Apart from the scholarly references to De Natura Fossilium, Book 5 is mostly a 

showcase for artisanal knowledge. Agricola describes exploration, stratigraphy, and ore 

mineralogy like an old hand showing a fresh apprentice around the mineshaft: “Dark or black of 

horn or liver-colored quartz is usually a good sign; white is sometimes good, sometimes no sign 

at all… The special indication of gold is orpiment; of silver is bismuth and stibium; of copper is 

verdigris, melanteria, sory, chalcitis, misy, and vitriol…” (Agricola, 1556, 116) He gives 

directions on exploring, mining, working, and surveying, all with the greatest practicality and 

minimal to no comments on the reasons behind the recipes.  

Book 6 describes and illustrates the nature and operation of every mining-related 

apparatus from hammers to stamp mills. Everything was powered by man, animal, or water, and 
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almost all of the devices work on mechanical principles known from the De Architectura of 

Vitruvius. With the exception of the piston-pump, seven types of which are featured in Book 5, 

everything was done with the water wheel, block and tackle, windlass, and shafts and gears. 

Agricola organizes the machines loosely into those that involve water and those that involve air. 

The former were for dewatering mines and for powering the recently invented stamp mills; the 

latter were for ventilating shafts.  

The discussion of ventilation leads Agricola to talk about the human hazards of mines at 

the time, for bad air plagued miners and often killed them. Corrosive or poisonous minerals were 

blamed. This was half the truth, for we now know that many of the mines in the area have high 

levels of radioactive radon from decaying uranium minerals. One mine in Jachymow, Czech 

Republic (Joachimsthal, Bohemia), was called simply “the death mine” (Jacobi, 1993), and fewer 

than half of its workers reached age thirty. The primary killer, there as elsewhere, was the lung 

cancer that Paracelsus named mala metallorum.  

Less grisly but sometimes just as deadly were hazards like tunnel collapse and rockfall. 

The contemporary compendium of mining law, Ursprung gemeynner Bergkrecht, devotes 

considerable space to flooding (Connolly, 2005). This suggests that it was one of the most 

grievous problems at the time, and we have seen that entrepreneurs could forfeit their shares of a 

mine if their carelessness led to a flood. Most of the other accidents that Agricola saw he 

attributed to miners’ mistakes, but some he thought were caused by kobold and trulli, mine-

dwelling spirits fond of mischief and mayhem. Agricola recommends that these be put to flight 

through prayer and fasting, although he also lists inexpugnable demons among the reasons mines 
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may be abandoned. In his day their existence was taken for granted, like tommyknockers in 

Cornwall.  

Book 7 begins the lengthy metallurgical section of De Re Metallica. Assaying comes 

first, and unlike most of the other subjects Agricola treats, it was by then an advanced, 

quantitative art with a substantial technical literature. Most famous were epitomes by the 

Persians Geber and al-Kindi. More current were the series of Probierbuechlein, anonymous 

pamphlets written as aides-memoire for the expert assayer; the Pirotechnia of Vannucci 

Biringuccio, published in 1540 to considerable acclaim; and Calbus Freibergius’ Ein Nuetzlich 

Bergbuechlein (ca. 1500). The Pirotechnia was by far the most useful to Agricola, who lifted 

whole sections out of the Italian and transferred them into books 7 and 9 of De Re Metallica in a 

Latin gloss with added illustrations (Agricola, 1556). These supplement Biringuccio’s 

descriptions of methods and equipment for processing every type of metal by every technique 

then known. Most relied on a fire assay, but placer gold was amalgamated with mercury and then 

separated, and iron could be extracted by lodestone. Alloys could be assayed by nitric acid 

separation or by comparative streak-testing against the touchstone. This was a keyring whose 

keys consisted of different alloys of known composition, one of whose streaks would presumably 

match the streak left by any unknown. Shakespeare named his fool Touchstone in As You Like It 

after this device for revealing the quality of an unknown material.  

Book 8 shows that the mineral processing circuit followed the same order in the 1550s as 

now: sorting, crushing, grinding, separating, washing, roasting, and smelting. The miners 

performed a first-pass sorting when they chose which rocks to pass up to the surface, and their 

selections were picked over at sorting tables by boys and women. Crushing followed, by 
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hammers or stamp mills; mine safety must have been a concern then too, for the illustrative 

woodcuts show that the crushers swinging sledgehammers wore safety masks, leg protection, and 

heavy gloves. Some mines were lucky enough to have power sufficient for a stamp mill, and the 

most fortunate of all enjoyed the services of whole batteries of stamp mills powered by large 

water wheels. Their crushed products were ground between millstones and the ore grains were 

separated from the rock by sieving and sluice sedimentation or jigging. Another machine, 

recently invented for gold ore, performed every step from crushing to washing inclusive and 

could mix it with mercury for amalgamation. But such labor-savers were rare, and at most mines 

the processing had to be done by hand. After separation the ore would be sent for roasting, 

another recent invention that volatilized and drove off from the ore many of the elements, such 

as arsenic, that would otherwise have adulterated the finished product. It sped up processing too: 

one English mine inspector recorded in the early 1600s that the introduction of roasting had 

lowered the processing time of gold ore from twelve weeks to one.  

Smelting was next on the circuit, and has Book 9 to itself in De Re Metallica; however, 

Agricola lifted most of its contents from Biringuccio’s Pirotechnia. Book 9 is a smelter’s 

cookbook of fluxes and charges, supplemented with diagrams of bellows and furnaces. The 

smelting it describes had developed into a complex multi-step enrichment process, similar in 

concept to the modern procedure but far inferior in efficiency, precision, and the purity of the 

products. Charcoal, the fuel and reducing agent for prehistoric smelters and Agricola’s Germany, 

was responsible for many of these shortcomings.  

The procedural flaws would have been difficult to overcome without a better 

understanding of the chemical processes of smelting, and these did not develop until the 
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conceptual framework of chemistry took shape in the 1800s. Agricola still had to rely on 

Empedocles’ and Heraclitus’ four elements to explain how smelting worked: “This, indeed, is 

the custom of many most excellent smelters, who know how to govern the four elements, They 

combine in right proportion the ores, which are in part earth... they pour in the needful quantity 

of water; they moderate with skill the air from the bellows; they throw the ore into that part of 

the fire which burns fiercely.” The four elements popularized by Aristotle had pervaded 

European thought from astronomy to zoology, and would yield only to the elemental theory that 

simultaneously clarified Biringuccio’s smelting procedure and Agricola’s ore mineralogy.  

Books 10 and 11 cover refining and separation of noble and base metals respectively. 

Gold was separated from silver by reagent dissolution, cementation, or cupellation. Reagent 

dissolution parted gold from silver with nitric acid. Cementation combined the mixed gold-silver 

ore with sulfur, antimony sulfide, antimony, or saltpeter. The silver, more reactive, combined 

with the ligand and left behind metallic gold.  

Base metals were separated by liquation and cupellation. Liquation meant throwing the 

mixture of metal ores into a pot over the fire. Each metal would melt in sequence as the heat 

increased, and a skilled metallurgist could manipulate the temperature so as to liquefy all of one 

metal before any of the other, making separation an easy matter of skimming. Liquation was 

particularly useful in the ores around Chemnitz, which were a mixture of lead, silver, and copper. 

When these were heated, lead melted first and silver went with it, leaving copper behind. The 

lead and silver congealed into a “liquation cake” from which cupellation separated them. This  

process was named for the cupel, a gargantuan ladle made of ash-based cement. The liquation 

cake was placed in this and heated. Lead, more reactive around atmospheric oxygen, formed an 
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oxide that soaked into the cupel and left metallic silver behind. Cupels were periodically melted 

down to recover the lead, but 15% of it was lost to cupellation along with 10% of the copper and 

a quarter of the silver. But liquation-cupellation was the state of the metallurgical art in the mid-

1500s, and it was so well practiced that a good metallurgist could ensure that the liquation cakes 

emerged from the pot weighing around 300 lbs. This was a standard value that maximized fuel 

efficiency per unit output, arrived at by centuries of practice.  

Book 12 of De Re Metallica is that catchall Industrial Minerals chapter that still ends 

today’s textbooks on ore deposits. It starts with salt manufacture by evaporating salt water, and 

continues with the manufacture of something Agricola calls “nitrum”, but his description is so 

confused that it is impossible to say whether he meant soda or potash. The manufacture of borax 

comes next. It is only slightly less confused but at least it is recognizable. Agricola does better 

describing how saltpeter can be made by a process similar to the one Lavoisier would employ 

two centuries later in France, and how to boil alums, vitriols (metal sulfates), and native sulfur. 

To end the list,  bitumen was obtained by density separation from hydrocarbons, glass from 

melted silica. Here De Re Metallica ends.  

 

II. AGRICOLA AND HIS SOURCES: DEPARTURE FROM THE OLD WAYS 

When Agricola wrote, a scholarly publication was distinguished from vulgar literature by 

being written in Latin and laden with references to Greek and Roman philosophy and literature. 

Serious books on natural philosophy took Aristotle as a starting point and continued with 

whatever authorities in the canon had written the works most applicable to the specific 

discipline. Writers in most fields had a wide array of choices, for the ancient Greeks and Romans 
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wrote volumes on astronomy, mathematics, medicine, physics, and most other academic 

subjects. The earth sciences were perhaps the only area of natural philosophy on which they had 

left very little material (Adams, 1938). That placed a would-be writer on geology in a quandary.  

It is remarkable that the Grecian philosophers, interested in symmetry and shapes of all 

kinds, neglected to examine the crystals that exemplify geometrical forms better than anything 

else in the natural world. The reasons for their reluctance remain unknown. A part of it may be 

the social stigma that deterred the gentleman natural philosopher from studying rocks in person: 

the best information about the interior of the earth, the best specimens, the best rock exposures, 

were all in mines. Diodorus Siculus and Pliny testify that the mines of the ancient world were 

infamous for dirt and danger, and that mining was an occupation forced upon slaves, convicts, 

and prisoners of war. It was not for a man with any sense of dignity, and even those philosophers 

willing to conduct dissections with their own hands would not descend into a mine.  

They viewed even the products of mines as innately immoral, torn from the earth by force 

to fuel human greed and facilitate warfare. Ovid summed up this view in a passage in the 

Metamorphoses, which Dryden translated: 

“Thus cursed steel, and more accursed gold 

Gave mischief birth, and made that mischief bold, 

And double death did wretched man invade: 

By steel assaulted, and by gold betrayed.” 

 

The anonymous author of the Latin poem Aetna framed the contradiction between the 

noble spirit of inquiry and the shameful process of mining: 
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“Yet this is man’s more primary task – to know the earth and mark all the many wonders 

nature has yielded there. This is for us a study more fitting than that of the stars of heaven. For 

what kind of hope is it for mortal man – what madness could be greater – that he should wish to 

wander and explore in Jove’s domain and yet bypass the mighty fabric before his feet, losing it in 

his negligence? We torture ourselves wretchedly over little things; we let toil weigh us down; we 

peer into crannies and upturn every depth. Our goal is now a germ of silver, now a vein of gold. 

Parts of the earth are tortured with flame and tamed with iron till they ransom themselves at a 

price, and when they have given up their secrets, they are left silent, abandoned to contempt and 

beggary… Thus we tread the path of greed.” 

 

The view that Ovid and the Aetna’s author shared was still current in Germany around 

Agricola’s time. Between 1490 and 1495, Doctor Paul Schneevogel (writing under the Latinized 

scholarly name “Niavis”) published a pamphlet that equated mining with patricide. The pamphlet 

enjoyed wide circulation and influence in Saxony (Adams, 1938). Agricola does not mention 

Niavis or the pamphlet by name, but he devotes most of Book 1 of De Re Metallica to countering 

the argument that mining was immoral.  

With the morality of mining defended, Agricola devotes the rest of Book 1 to its dignity. 

Throughout history, natural philosophers had considered stars, the human body, the intersections 

of lines and planes, all fit and worthy subjects for their inquiry; why not geology? Yet not many 

philosophers, in Agricola’s time or before it, had written about the composition of the earth. The 

few who did, generally went about it by deductive reasoning, after the fashion the Plato set in the 

Timaeus and the Academics followed thereafter (Adams, 1938). It was a small set, and only a 
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few members of it made observations of rocks; none at all, except perhaps Theophrastus, wrote 

down what miners thought (Theophrastus, tr. Eichholz, 1965).  

There exist a few fragmentary sentences from a few Pre-Socratics, but Aristotle was the 

first Greek philosopher to leave significant preserved writings on the field we now call earth 

science. Those contributions add up to a couple of pages on mineralogy at the end of Book 3 of 

the Meteorologia. But throughout the Middle Ages, those few lines were influential out of all 

proportion to their volume or to the evidence for them. They contain Aristotle’s theory that 

minerals arose from vapors exhaled by the earth. That was the only point at which he considered 

the earth as an object of study: otherwise, it was a datum of cosmology as far as he was 

concerned. The influence of Meteorologia on De Re Metallica is indirect: De Re Metallica is 

based partly on De Ortu et Causis Subterraneorum, and book 1 of De Ortu et Causis 

Subterraneorum is based mostly on the Meteorologia. However, Agricola’s organization of ore 

types by their ease of melting in De Re Metallica Book 5 (Agricola, 1556, 117) reflects a similar 

classification in Book 4, section 10 of the Meteorologia, and Agricola cites Aristotle constantly 

throughout De Ortu et Causis Subterraneorum.  

Aristotle’s pupil Theophrastus composed a short treatise On Stones and a long one On 

Mines. The latter is lost, and we do not know how extensive Theophrastus’ study was. But it is 

clear from On Stones that he had obtained some specimens from mines, commenting of them, 

“Of these, some contain gold as well as silver, but only the silver is clearly perceptible. Their 

weight is rather heavy and their smell rather offensive” (Theophrastus, 1965, 71). He also must 

have visited mines and at least observed miners in action, if not have spoken with them, for he 

says, “The earths of Melos and Samos differ in many more respects. A worker in the Samian pits 
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cannot stand upright while digging, but is forced to lie on his back or side. The vein there 

stretches a considerable distance and is only about two feet in height, although its depth is much 

greater. On either side the earth is enclosed by rocks, from which it is extracted. The vein has, 

running through the middle of it, a seam which is superior in quality to the outer parts” 

(Theophrastus, 1965, 83). Many of Agricola’s descriptions of mine workings are reminiscent of 

this and other passages in Theophrastus. In describing mine workings in De Re Metallica Book 

5, he writes, “They [these miners] generally mine venae dilatatae lying down; and to avoid 

wearing away their clothes and injuring their left shoulders they usually bind on themselves 

small wooden cradles. For this reason, this particular class of miners, in order to use their iron 

tools, are obliged to bend their necks to the left, not infrequently having them twisted. Now these 

veins also sometimes divide, and where these parts re-unite, ore of a richer and a better quality is 

generally found” (Agricola, 1556, 127-128).  

Yet Theophrastus was unusual among ancient and medieval writers for his willingness to 

deal with mines and for his emphasis on observations. Most of the Greeks, Romans, and 

medieval lacked one characteristic or the other. Pliny the Elder, Strabo, and Diodorus Siculus all 

visited mines, but they wrote about the wretchedness of the miners and ignored the workings.  

Pliny provided many of the Latin titles that Agricola pressed into service for German mining 

bureaucrats in De Re Metallica Book 5, but his few descriptions of minerals concentrate on their 

medicinal and industrial uses. So do the mineral descriptions of the medical philosophers, whose 

work Agricola found useful in De Natura Fossilium. He drew heavily on the Materia Medica of 

Dioscorides and Galen and lightly on the medieval lapidary books that had combined medicine 

with magic. The mineralogical summaries of Avicenna and Geber were useful to him, the De 



391 
 

Rebus Mineralibus et Metallicis of Albertus Magnus somewhat less so. Seneca’s Quaestiones 

Naturales had provided a basis for several books in De Ortu, but had nothing to do with mining. 

The agricultural treatise De Re Rustica, written by Columella, supplied Agricola with a template 

but no geological information. Metallurgy was the only one of Agricola’s subjects embarrassed 

by a richness of literature. Most of this was medieval rather than ancient, though many medieval 

alchemists were fond of attributing their work to illustrious figures of the Greco-Roman past 

(Berthelot, 1884). The literature varied in quality. Useful practical treatises produced by Roger 

Bacon, Geber, Arnold of Villanova, Raymond Lully, Avicenna, and Biringuccio were far 

outnumbered by alchemical recipes for turning base metals into gold.  

We can learn a great deal about Agricola’s intentions in writing De Re Metallica by 

examining how he handled these and his other sources. At first, he cites dozens of names without 

heed for their accuracy or reliability. In his Book 1 list of time-honored authorities we find 

Merlin and Cleopatra, whose chemical contributions were mythical; Agathodaemon, who was 

probably a misunderstood idol of Gnostic times; and others like Pseudo-Democritus, who really 

existed but whose work had little to do with metallurgy (Berthelot, 1884). Agricola includes with 

them the entire Greco-Roman canon of writers on the natural world, as well as Persians like 

Avicenna and Geber, thus making Book 1 into an indiscriminate mélange of erudite names and 

pseudonyms.  

But the technical matters that follow show Agricola to be much more careful in using 

sources than he was in citing them. He pours explicit scorn on a few specific ideas like dowsing 

and astrology, but in general his technique is to ignore what he did not like. Thus, although 

Maria the Jewess and Osthanes appear among the sources listed in Book 1, nowhere does their 
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work feature in De Re Metallica. In part this is because Biringuccio left them out of the 

Pirotechnia, from which Agricola borrowed most of his metallurgy. But many irritated 

comments about alchemy in De Re Metallica, De Ortu, Bermannus, and De Natura Fossilium 

make it plain that Agricola agreed with Biringuccio. He was clearly impatient with the trouble 

that the alchemical arts had caused for serious inquiry. Thus, it seems likely that the parade of 

illustrious alchemists in Book 1 is merely a rhetorical display designed to show his erudition and 

to give his book the trappings thought appropriate to a 16th-century text in natural philosophy.  

The sources that Agricola uses for more than rhetorical purposes are surprisingly 

contemporary. The Pirotechnia contributed the most to De Re Metallica, but the discussion of 

exploration and the use of technical woodcuts carry over from the Bergbuechlein. Agricola 

acknowledged his debts to Biringuccio and Freibergius, which only makes his neglect of 

Paracelsus stand out more. The alignment of their views on dowsing has been discussed above, 

but there are deeper similarities: both were physicians working in the same area and deeply 

interested in mining, and both had a similar respect for the miners’ accumulated knowledge of 

the earth. By the time Agricola started De Re Metallica (ca. 1536), Paracelsus had completed a 

manuscript of Von der Bergsucht (On the Diseases of Miners, ca. 1533). This included an 

exposition of his hypothesis that minerals originated from sulfur, mercury, and salt. Such 

mineralogenetic hypotheses were one of Agricola’s main interests, and to judge from his 

discussion of the subject in De Natura Fossilium, he certainly knew of Paracelsus’ ideas even 

though the monograph was not published until 1567, when both Paracelsus and Agricola were 

dead. Notwithstanding that, Paracelsus nowhere appears in any of Agricola’s books. It may be 

that Agricola frowned upon his personal and professional irregularities and did his best to find 
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more reliable sources. Paracelsus was well known for alchemical and magical pursuits, and 

Agricola was campaigning to remove alchemy from the literature of mining. Furthermore, 

Paracelsus’ virtual ostracism from the scholarly community of Europe meant that Agricola could 

ignore him without danger of appearing uneducated to his contemporaries.  

Although Paracelsus could be brushed aside without damage to his own academic 

credentials, Agricola could not afford to neglect some more reputable but equally mystical 

contemporary books on mining. The most prominent of these was Ein Nuetzlich Bergbuechlein, 

published about 1500. The author was anonymous but was almost certainly Calbus Freibergius, a 

well-known scholar, man of letters, and onetime mayor of Leipzig. The book consists of a 

pedagogical dialog between an experienced miner Daniel and his apprentice, Knappius. It was 

widely respected, was the best mining manual available before De Re Metallica, and was the 

basis for much of the mining law codified in the Ursprung gemeynner Bergkrecht (Connolly, 

2005). In De Re Metallica Agricola praises Freibergius’ learning and effort, and his own attitude 

agrees with the one Freibergius ascribes to “Daniel”: knowledge about mining must come “both 

from the old books of the sages as well as from the experience of expert miners”. To spread this 

view in the scholarly community was Agricola’s desire. Otherwise he ignores Freibergius’ 

conclusions in the same way that he cites more than uses the accepted authorities in alchemical 

mineralogy without making much actual use of their books. Many statements in the 

Bergbuechlein were exactly the sort that he had condemned in books by authors less illustrious 

or at least longer dead than Freibergius: 

 “The general worker (efficient force) on the ore and on all things that are born, is the 

heavens, its movement, its light and influences, as the philosophers say. The influence of the 
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heavens is multiplied by the movement of the firmaments and the movements of the seven 

planets. Therefore, every metallic ore receives a special influence from its own particular 

planet...” - Calbus Freibergius, Ein Nuetzlich Bergbuechlein, ca. 1500 

 

In place of this and other such work Agricola cast about for substitute sources less 

inclined to mysticism. He could borrow a great deal from Biringuccio, who shared his distaste 

for the alchemical authorities. But Biringuccio dealt only with metallurgy, and Agricola still 

needed sources for mining itself. The Greco-Roman possibilities were sparse, and Agricola did 

not attach much value to most of them, and his open refusal to adhere to Aristotle’s creed roused 

the ire of 16th-century scholarship (e.g., Schegk, Erastus, and Cardano; Halleux, 1974). 

Nevertheless Agricola persisted in resorting to his own observations and to the observations of 

experienced miners. In the Preface he writes, “I have omitted all those things which I have not 

myself seen, or have not read or heard of from persons upon whom I can rely. That which I have 

neither seen, nor carefully considered after reading or hearing of, I have not written of.” 

(Agricola, 1556, xxx-xxxi) This theme recurs through De Re Metallica, for instance in his 

assessment of the common belief that astral influences made south-dipping veins more favorable 

than north-dipping ones: as he remarks, “But I think that miners should not neglect either of 

them: as I showed in Book III, experience does not confirm those who hold this opinion about 

veins, so now again I could furnish examples of each kind of [vein] rejected by the common 

miners which have proved good” (Agricola, 1556, 107). It was this experience-based knowledge 

that he set out to substitute for the erudite inaccuracies of the Bergbuechlein and similar books.  
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To accomplish this, he had to legitimize the source of the knowledge by giving mining 

the dignity of a learned profession. Hence his requirement, in Book 1, that the miner know most 

of the classical trivium and quadrivium. Hence, too, his long defense of mining as deserving 

serious study, and his argument against its supposed immorality. And hence his decision to give 

a classical, scholarly form to a mining book. By writing in Latin and adorning his work with the 

expected literary citations, he lent intellectual respectability to a book written about a subject his 

contemporaries were wont to consider a dirty tradecraft, and based on the experience of men 

whose occupation they thought was about as mentally demanding as a bootblack’s.  

But in this respect Agricola was a dissident; the prevailing brand of scholarship about the 

earth was still alchemical or Aristotelian. Setting out to supplant their ideas, Agricola inveighed 

against their obfuscation and their lack of experiential evidence and tried to provide an 

alternative. He wanted to replace their speculations with the miners’ knowledge, and their terms 

with the miners’; to facilitate the process he Latinized the German miner’s vocabulary in the 

earliest known geological dictionary, Rerum Metallicarum Interpretatio (1544). He set out to 

substitute his mineralogical descriptions based on physical properties for the euphonious 

fantasies of the alchemical names. And he deliberately contrasted his writing style with theirs, 

which he thought served only to conceal knowledge from the layman and display erudition to 

other alchemists. He himself attempted to explain metal processing procedures so clearly that the 

grossest neophyte could follow them. Compare his description of parting gold with antimony 

sulfide to one written by “Basil Valentine”, a pseudonymous alchemist, probably a 

contemporary. Valentine had prescribed:  
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“Take a fierce gray wolf, which, though on account of its name be subject to the sway of 

warlike Mars, is by birth the offspring of ancient Saturn, and is found in the valleys and 

mountains of the world, where he roams about savage with hunger. Cast to him the body of the 

King, and when he has devoured it, burn him entirely to ashes in a great fire. By this process the 

King will be liberated, and when it has been thrice performed the Lion has overcome the wolf, 

who will find nothing more to devour in him.” Twelve Keys, Basil Valentine; 16th century? 

 

The wolf is antimony sulfide, the King is the gold ore, the Lion is gold, and the burning 

process represents smelting. Compare what Agricola wrote on the same topic:  

“A libra of the same crude gold, crushed up, is mixed together with half a libra of stibium 

[antimony] likewise crushed, and put into a crucible with half an uncia of copper filings, and 

heated until they melt, then a sixth part of granulated lead is thrown into the same crucible… 

When the fire consumes it, not alone with it is some strength of the stibium consumed, but some 

particles of gold and also of silver, if it be mixed with gold.” (Agricola, 1556, 397) 

 

Thus, Agricola tried to replace the existing scholarship on mining with a type of 

scholarship new in style as well as in substance. He tried to win intellectual respect for both the 

new knowledge and the new style by adhering to the old canons of form expected for a 16th-

century natural philosophy text: he wrote in Latin, cited Greeks and Romans abundantly, and 

based his treatise on Columella (Ellenberger, 172). He brought new observations and a 

fundamentally new approach to the study of the earth into the scholarly environment.  
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III. DE RE METALLICA AND AGRICOLA: CONTINUANCE OF OLD IDEAS 

The foregoing discussion has emphasized the ways in which Agricola broke with old 

traditions and the trends of his time. Eventually, the changes that he made would found 

economic geology as a science based on observation of the earth. But Agricola saw them as 

corrections to an existing course, not as departures in a new direction. He did not intend to do 

anything other than gain legitimacy for the what he considered the only reliable form of 

knowledge about minerals and the Earth. He was trying to change the approach, not the specific 

ideas. In respect of most of those, his thoughts were very much in line with the prevalent beliefs 

of his times.  

There is no space here to discuss the intellectual ancestry of all of Agricola’s geological 

ideas, but the history of metallogenetic theory may provide at least an illuminating example of 

how Agricola developed his conclusions in line with those of the past. By the sixteenth century 

there were many hypotheses on the origin of metals. To understand them, we must recall that all 

of them developed within the framework of two overarching concepts. The first was an organic 

conception of the earth and all things in it. Stones, like everything else, were believed in ancient 

times to live and grow like plants and animals, only slower. The Roman geographer Strabo 

records periodic closures of the iron mines of Elba and the limestone quarries of Rhodes to allow 

the ore and stone to grow again after mining had pruned them (Dibner, 1958). Thales thought 

that stones lived and that some were animate: after all, the lodestone responded to stimulus like a 

plant or an animal. The second concept grew from this, and was embodied in Aristotle’s 

aphorism that “Nature always strives after the better.” Thus metals not only grew, but grew into 

the noblest of metals, gold. Baser metals were gold in embryo (Dibner, 1958).  
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With those in mind, we begin the tour of the history of metallogenetic hypothesis with a 

single sentence of Dioscorides. He thought that metals form by congelation of mercury. This 

popular idea was modified several times over the centuries, until Synesius of Alexandria finally 

suggested that mercury was the half-congealed form of some “primary metallic material” and 

would eventually coagulate into a full metal. Thus Dioscorides’ idea became the ancestor of 

several later hypotheses: the primary metallic material was the prototype of “gur”, and mercury, 

whose mix of metallic and liquid properties made it fascinating out of all proportion to 

abundance and utility, featured in several later models of metallogenesis.  

Not long after Dioscorides’ time, Aristotle opined that metals and stones form from 

exhalations that the earth produces and the sun dries. Theophrastus specified that one type of 

exhalation plus earth forms stones, and the second type forms metals when mixed with earth and 

water. The addition of water to the mixture later attracted the attention of the Persian 

commentator al-Biruni, who amputated the rest of the hypothesis and attributed mineral 

formation solely to the coagulation of stagnant water.  

Another Persian, Geber, identified Aristotle’s “smoky” exhalations with Dioscorides’ 

mercury and Aristotle’s “vaporous” exhalations with sulfur, and stated that mercury and sulfur of 

various purities combined in various proportions to form various metals. Gold, being the best of 

all metals, required the purest ingredients. Later, Avicenna specified that the exhalations 

solidified into sulfur and mercury by a “congealing and petrifying virtue” in the earth. Albertus 

Magnus agreed. Sex appeal made a modification of this hypothesis the most popular 

metallogenetic model of the 16th century: in several mining books, including the Nuetzlich 



399 
 

Bergbuechlein, sulfur is identified with the male principle and mercury with the female, and their 

combination to form ore is compared to intercourse.  

During the late Middle Ages, Synesius’ primary metallic material had evolved into the 

gur hypothesis, which was only a little less popular than sulfur, mercury, and sex. Agricola’s 

friend, the preacher Johann Mathesius, coined the term gur after Agricola’s death to describe the 

primary matter supposed to form metal. The means by which it did so were various: either 

congelation as Dioscorides had suggested, or fermentation, because miners had noticed that 

weathering sulfides gave off heat and identified this with the heat-producing procedure that 

supplied their beer.  

Then there was the “semina” hypothesis, according to which seeds planted in the earth 

during creation grew into metals with or without help from astral forces. Another option, 

espoused and perhaps invented by Paracelsus, added salts to the sulfur-mercury hypothesis and 

retitled it “tria prima.” In addition there was an idea that dated back to Pythagorean days, but 

resembled Aristotle’s view and popularized by the alchemists. The earth, it was supposed, was 

built around a central fire, which gave off vapors like smoke. These ascended through fissures in 

the earthy crust, cooled, and precipitated metals. Then there was every imaginable combination 

of any and all of the above.  

In De Ortu et Causis Subterraneorum and De Natura Fossilium, to a lesser extent in De 

Re Metallica, Agricola considers all of the then-current hypotheses based on the evidence for 

them – not counting as evidence the great names cited in their support. He ends by rejecting most 

of them on empirical grounds: for example, if sulfur and mercury really do form metals, we 

ought to find veins of sulfur and veins of mercury near ore deposits; we do not find them; 
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therefore they are probably not the constituents of metals. Although he thought the gur model 

best overall, he refused to support it because the oleaginous substance then thought to be gur was 

too dissimilar to metals to have produced them. Instead he suggested combining gur with the 

opinion of Theophrastus, resulting in a model according to which metals solidify out of a fluid 

somewhat like gur, compounded of earth and water.  

In all of this Agricola stuck very close to the data and hypotheses of his times. He was 

perhaps unusual in subjecting them to empirical examination, particularly the sulfur-mercury 

model, but he thought within the same box as everybody else. He founded a new science, but he 

was no revolutionary.  

 

CONCLUSION: THE LEGACY OF DE RE METALLICA 

Agricola’s and De Re Metallica’s legacy extend into several fields. As a technical manual 

of mining the book’s value was at once acknowledged. A second edition appeared in 1561, an 

Italian translation in 1563. Georgius Fabricius’ notes on De Re Metallica were published in 

1612, and successive editions of the book itself in 1621 and 1657. Its currency lasted nearly two 

centuries, but by the early 1700s, technological advances such as the steam pump had rendered it 

obsolete (Dibner, 1958). It was superseded by Alvaro Barba’s book on ore deposits and by 

Schlueter’s (1738) metallurgical text.  

Agricola’s specific theoretical conclusions on geology, such as his theory of 

metallogenesis, were rejected by his contemporaries and doubted or ignored by his immediate 

posterity (e.g., Schegk, Ercker, Cesalpinus, and Fallopius; Halleux, 1974). Later, they received 

some recognition during the rise of experimental and empirical science in the mid-1600s. 
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William Gilbert followed him in relying on observation rather than authority. Compare the 

opening phrase of De Magnete: 

“Clearer proofs, in the discovery of secrets, and in the investigation of the hidden causes 

of things, being afforded by trustworthy experiments and by demonstrated arguments, than by 

the probable guesses and opinions of the ordinary professors of philosophy…” 

 

with Agricola’s comment in De Ortu: 

“Those things which we see with our eyes and understand by means of our senses are 

more clearly to be demonstrated than if learned by means of reasoning.” (Book 3, De Ortu) 

 

During this time, Steno based parts of his Prodromus on Agricola’s theory of the 

formation of veins (Ellenberger, 1988). Agricola remained fairly well known until the late 1700s, 

when Abraham Werner hailed him as a forerunner of his own theories on the formation of vein 

deposits (Werner, 1791; Ellenberger, 1988). Thereafter De Re Metallica and the rest of 

Agricola’s work sank into obscurity.  

Agricola’s attempt to excise the alchemical obscurity and the alchemical approach to the 

study of ore deposits met with hardly more success. Halleux (1974) has claimed that it was 

crowned with complete victory; however, this does not appear to be the case. The alchemical 

sulfur-mercury hypothesis, the concept of semina, exhalations, and the belief in astral and divine 

influences on ore formation, all survived Agricola’s debunking and continued to appear in books 

on metals down to the end of the century and even beyond (e.g. in Encelius, 1557; Cesalpinus, 
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1596; Fallopius, 1606; see Halleux, 1974). So did the general belief in the magical powers of 

gemstones (e.g., Anselm de Boodt, 1609; Adams, 1938).  

But in one place, Agricola made a lasting success. He brought a new form of knowledge 

to the scholarly study of the earth, and after De Re Metallica scholars did not disdain to descend 

into mines and talk with experienced miners when they wrote Latin books on metals and the 

earth. These sources of knowledge, which Agricola first made respectable, remain the mainstay 

of modern geology nearly four and a half centuries later. His technical contributions have long 

been superseded, but the philosophical practices he advocated still thrive.  
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INTRODUCTION 

Robert Boyle once complained:  

It has long seemed to me to be none of the least impediments of the real 

advancement of true natural philosophy that men have been so forward to write 

systems of it. i  

He professed scorn for such systems and for “hypotheses that pretend to give compleat 

accounts of chymistry”ii. He and the Royal Society did their best to build a scientific community 

around the experimental matter of fact, avoiding any hypothesis larger than necessary to explain 

the phenomena. Limitation of hypotheses became a canon of the nascent scientific community.  

Nonetheless, several members of that community wrote “Theories of the Earth”. These 

Theories, most of them published between 1640 and 1750, were systems of natural philosophy 

purporting to explain the earth’s history from its formation up to the present iii, sometimes into 

the future. They were the diametric opposites of the limited, empirical hypotheses Boyle and his 

cohort demanded, and which the writers of Theories of the Earth claimed to followiv.  

 

THEORIES OF THE EARTH 

Ellenberger defined a Theory of the Earth as a “complete and coherent model of the 

formation and structure of the entire world” v. Every modern scholar gives a different listvi, but a 

compilation of the lists yields twenty-three Theories of the Earthvii. All are vast in scope. The 

more modest, like Robert Hooke’s, claimed only to list what data and manners of inquiry would 

be needed, and claimed to give posterity a head start in discovering everything about the present 

and former workings of the world viii; the remainder claimed, like Whiston’s and Burnet’s, to 
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have discovered it already ix. Leibniz thought it was possible to constrain the characteristics and 

formation of the early earth from studying a small section of Germany x. Steno thought he had 

articulated the earth’s processes, from its formation to the present, from an examination of 

Tuscan strata xi. Their scope made audacity a defining characteristic of Theories of the Earth xii, 

at the same time that strict limitation was being impressed on the rest of natural science xiii.  

 

LIMITATION  

Boyle and the Royal Society were busy trying to edge all-explaining systems out of the 

province of science. The role of hypothesis was to be limited to elucidating the causes and 

effects of a single, carefully defined phenomenon whose nature had been established by repeated 

and quantified observations xiv. The emphasis was not on discovering everything for certain, but 

on gaining a provisional understanding of a limited phenomenon – on “the modesty of the 

experimental narrative” xv.  

The scientific community of the 17th century, embracing empiricism, mistrusted sweeping 

hypotheses xvi and accordingly left them to speculative philosophy xvii. Even the corpuscular and 

atomist hypotheses were assigned to philosophy rather than to science xviii because they provided 

frameworks for thought xix rather than explanations for the observed phenomena xx. Decades 

later, John Dalton was dismissed as a “weaver of idle fancies” for excessive hypothesizing xxi. 

The intellectual respectability of large-scale speculation became a criterion of distinction 

between science and philosophy. Even though many men of science continued to interest 

themselves in questions of ontology and epistemology, they separated these interests from the 

scientific practice that they defined by the experimental method xxii. Philosophical inquiries were 
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incompatible with the new experimental rules, relying as they did on observation, replication, 

and quantification. Philosophers could experiment only inside their own heads xxiii, where 

replication and quantification were unavailable to disinterested observers. Their results could 

never, therefore, be scientific according to the word’s new definition.  

The new method led to another sort of knowledge, another feature that distinguished science 

from philosophy. Philosophers had traditionally sought episteme, universal and apodictic 

certainty xxiv. The experimental method, by its very nature, could not provide episteme. It was 

empirical and inferential, and every logician knew that there could be no certainty in matters of 

inference xxv. Hooke explained the sort of certainty that scientists would have to content 

themselves with:  

So that tho’ possibly we may not be able to produce a Positive Proof, yet we may 

attain to that of a Negative, which in many cases is as cogent and undeniable, and 

none but a willful or senseless Person will refuse his assent unto it. xxvi 

 

Science sought provisional knowledge, leaving episteme to philosophy as an idle fancy xxvii. 

Under the new program, scientists did not go much further than they could measure xxviii, 

constricting the domain of their inquiries to a small fraction of philosophy’s reach xxix. The 

knowledge accessible to science was limited and provisional xxx, a far cry from episteme xxxi. It 

did not deal with ultimate causes, only immediate causesxxxii. Like episteme, ultimate causes 

were left to philosophy. 

Having forsworn the traditional method of knowledge-making and type of knowledge, the 

new researchers had to install a new means of ensuring the accuracy or at least the plausibility of 
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their provisional knowledge xxxiii. Thus a “social technology” developed to organized the 

practices and productions of the scientific community into a system of making and checking 

knowledge according to the new method xxxiv. The members of the community had to subscribe 

to the social as well as the methodological and epistemological rules. The literary convention 

they developed grew from that:  

The essay, (that is, the piece-meal reporting of experimental trials) was explicitly 

contrasted to the natural philosophical system. Those who wrote entire systems 

were identified as ‘confident’ individuals, whose ambition extended beyond what 

was proper or possible. xxxv 

 

With all its restrictions, the new program of science was accepted even by the scientists who 

still practiced mysticism – forms of knowledge acquisition outside the bounds of the new 

empirical method. They merely set these apart from their scientific pursuits. Olaus Borrichius, 

inclined to mysticism, considered chemistry itself empirical and experimental, reserving 

metaphysics and philosophy for defining the place of chemistry in the sphere of human 

knowledge. The Paracelsian J.J. Becher excluded alchemy, metaphysics, and philosophy from 

chemistry, at least in principle, and Stahl and his school made a deliberate contrast between the 

practical science of chemistry, with its basis on experiment, and the hypothesizing that they 

considered the province of alchemy or philosophy xxxvi. The new standards reached outside of 

chemistry, too: in many cases the men who formalized chemistry were also interested in other 

sciences and applied their method impartially xxxvii. Just as chemistry gave up the system of 

microcosm and macrocosm for the report of a single experiment, biology replaced alchemy and 
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the complete natural history with the monograph on a single plant, or animal, or on 

glossopetraexxxviii. 

 

THEORIES OF THE EARTH: PART OF THE EXPERIMENTAL PROGRAM 

The experimental program had become the standard in natural philosophy by the time most 

of the Theories of the Earth were written. The men who made them were aware of the new 

scientific rule, and some of them – like Hooke - were its apostles. The Theorists of the Earth 

claimed full participation in the Royal Society’s scientific approach. They attempted replication, 

and cited it as an ideal even if they were not always able to carry it out in practice xxxix. They 

built hypotheses on facts and on observationsxl. John Woodward summed it up on the first page 

of his Essay toward a Natural History of the Earth:  

From a long Train of Experience the World is at length convinced that 

Observations are the only sure Grounds whereon to build a lasting and substantial 

Philosophy. All Partyes are so far agreed upon this Matter, that it seems to be 

now the common Sense of Mankind. For which Reason I shall, in the Work 

before me, give myself up to be guided wholey by Matter of Fact... and not to 

offer any thing but what hath due Warrant from Observations. xli xlii 

 

Woodward continued by proclaiming his participation in the social side of the new program 

too: 

And that each Reader may the better inform himself, not only of what Sort my 

present Observations are, but see in what Manner also, and with what kind of 

Accuracy they were made, ‘twill be convenient to give some Light into that 
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Matter, and to begin with an Account of them; whereby he may be enabled to 

judge how far they may be rely’d upon, and what Measure of Assent the 

Propositions which I draw from them may claim. xliii 

 

William Whiston agreed with the empiricism and the appeal to consensus: 

I am fully persuaded, that while the Perfections of God are, as to our Assent, 

deduc’d from their Effects, they may in good measure, within certain Bounds, as 

was before discours’d, be judg’d of by what is observable among Men. xliv 

 

Besides gathering facts by observations, many of the Theorists of the Earth backed up their 

claims with experiment. Hookexlv, Fontenellexlvi, Steno, Becherxlvii, and Leibnizxlviii all attempted 

geological experimentation. Athanasius Kircher was particularly sensitive to the need for 

“experimental certainty”xlix. He scattered experiments and observations over the pages of 

Mundus Subterraneus, and Henry Oldenburg voiced his approval of Kircher’s effortl.  

Not only did the makers of the Theories of the Earth participate in the methodology of the 

new scientific program, they subscribed to its epistemological side – perhaps even more than the 

chemists did. They understood that they were subject to the restrictions that empiricism placed 

on how much they could know, and how firmly they could know it li. In fact, they realized that 

knowledge about the earth was bound to be even less certain that knowledge gained in chemistry 

or medicine lii. Chemists had to proceed by inference, but at least they could start with 

experimental matters of fact. In studying the earth, however, experimentation largely failed 

because of the timescales involvedliii. Instead, writers about the earth had to rely on observation 

and on human historical records. Both of these undermined the quality of the data, and the 
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researchers knew it. They understood that empirical observations on anything as complex as the 

earth would yield only equivocal hypotheses liv: 

 

“For it is one thing to show it possible for such and such effects to proceed from 

the various magnitudes, shapes, motions, and concretions of atoms, and another 

to be able to declare what precise and determinate figures, sizes, and motions of 

atoms will suffice to make out the proposed phenomena” lv 

 

“To explain natural phenomena, one is often satisfied to seek a single cause; and 

yet, ordinarily, several causes work together and contribute in various ways to 

produce an effect; from which it follows that it is impossible properly to explain 

most effects, because one does not know most of their causes, and it is easy not 

to know causes because they are not sought” lvi 

 

...there are Multitudes in Natural Operations, which Operations are very seldom 

so single as to be perform’d and perfected by one active Principle only, but to the 

producing of almost all its Effects, Nature for the most part makes use of two, 

three, or more co-operating Principles: the distinguishing the adequate Power of 

each of which is one of the most difficult things in all Philosophical Inquiries. lvii  

 

They also understood that historical records were incomplete and imperfect:  

Réaumur and Jussieu displayed far more confidence in their observations than in 

the tentative conclusions based on those observations. The same attitude can be 

detected elsewhere, as naturalists like Hooke, Leibniz, and Swedenborg admitted 
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both that human witnesses to some events did not exist (or could not be found) 

and that reconstructions of the past were thus probabilistic at best and conjectural 

at worst. lviii 

 

Realizing their data were of doubtful quality, the Theorists of the Earth might have been 

expected not to claim too much certainty for them. John Keill, among other contemporaries, 

thought a little more humility was in order:  

But M. Des Cartes the great Master and deliverer of the Philosophers from the 

tyranny of Aristotle, is to be blamed for all this, for he has encouraged so very 

much this presumptuous pride in the Philosophers, that they think they 

understand all the works of Nature, and are able to give a good account of them, 

whereas neither he, nor any of his followers, have given us a right explication of 

any one thing. lix  

 

John Arbuthnot (alias Martinus Scriblerus) agreed, wishing “that people were more diligent 

in observing, and more cautious in system-making.”lx They, and other contemporary critics, 

provided the Theorists of the Earth with a constant reminder of their limitations, purely apart 

from the demands of a scientific program.  

In short, the writers of Theories of the Earth not only subscribed to the new methodology of 

science and to the limitations it imposed on the certainty of their knowledge, they understood 

that their work on the earth could yield even less certainty than the provisional knowledge 

chemists were acquiring. The Theorists of the Earth understood that their capacity for experiment 

was limited. What data they could collect from observation offered poor bases for inference. 
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Their own and their contemporaries’ piety urged them not to speculate too much. They had every 

reason not to write Theories of the Earth.  

Nevertheless, they turned out Theories of the Earth even while trumpeting the cause of the 

new scientific program. Whiston was vocal about the “necessary prudence and wariness” lxi 

needed in studying the earth, and wrote an all-encompassing Theory of it. Hooke enunciated 

caution and expected the Royal Society’s inquiries into geology to produce at least a preliminary 

Theory of Everything within the year lxii. Kircher, who participated in Boyle’s experimental 

program more than Isaac Newton didlxiii, authored a Theory of the Earth. Nor were the writers of 

Theories of the Earth the only ones who appreciated them. The Royal Society generally 

approved of Kircher’s, among others: they did not deny its many inaccuracies, but thought the 

overall approach was sound lxiv.  

The dichotomy between the experimentalists’ words and their deeds did not escape Steno, 

who complained about his contemporaries’ forwardness to write the sort of grand hypotheses 

they professed to scorn: 

Nay, the very advocates of experiment have rarely had sufficient self-control to 

refrain either from casting aside even most certain fundamental facts of nature, or 

from considering the fundamental facts discovered by themselves as proved. lxv 

 

Steno, however, had enough confidence in his own discoveries to write them into a Theory of 

the Earth.  

It seems, then, that Theories of the Earth were considered a special case, exempt from the 

restrictions laid on other areas of science, and that the same men who preached caution in 
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hypothesizing on chemical phenomena threw it to the winds when hypothesizing about the earth. 

There is no apparent reason for this. The same technology and instrumentation were available for 

studying the earth lxvi; the problems it offered were as complex or as simple as those of chemistry 

lxvii. The question, then, is why the result of the new scientific program should have been the 

experimental essay in chemistry and the Theory of the Earth in geology. To explain this, it will 

be necessary to provide more of their background.  

 

THE ANCESTRY OF THEORIES OF THE EARTH 

The Theories of the Earth intermediated between natural history and cosmology in the 

scientific and intellectual discourse of the late 17th centurylxviii. Encyclopedias of natural history 

had been known in the Western world since Pliny, and some of their subject matter – 

spontaneous generation, the climatic zones of the earth – were constant topics of speculation 

from his day to Fontenelle’s. The influence of astronomy was more recent. Copernicus and 

Kepler had placed the earth among the celestial spheres, making it a viable subject for study lxix. 

Chemical experimentation had shown that the earth was composed of many things, not merely a 

single Aristotelian elementlxx. The delegitimation of some religious teachings had helped to make 

the present world seem as worthy of man’s interest as the next lxxi.   

All this had stimulated Descartes, Leibniz, and others to write cosmogonies explaining how 

the earth came into being and acquired its modern characteristics. Chiefly astronomical, these 

made limited use of facts known about rock formation and earth structure, but used them 

principally as cosmogonic data rather than as archives of a world distinct from the cosmos lxxii. 

The fourth part of his cosmogony, however, Descartes devoted to the earth itselflxxiii. The later 
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Theories of the Earth were strongly influenced by this tract, but also drew on the Biblical 

creation account and the classical natural historieslxxiv, combined with the developing 

experimental programlxxv. There was not, at first, a name for this hybrid realm, but in 1690 

Erasmus Warren coined the term geology to describe the subject of Burnet’s Telluris theoria 

sacra (Sacred Theory of the Earth) lxxvi .  

With such a genealogy, it is not surprising that the Theories of the Earth are a mixed lot. 

They include bits and pieces of cosmologylxxvii, history lxxviii, astronomylxxix, mineralogylxxx and 

chemistry lxxxi, mathematicslxxxii, Judeo-Christian theology lxxxiii, Cartesian philosophy lxxxiv, and 

Newtonian physics lxxxv lxxxvi, in proportions varying with the author’s preference and expertise. 

For instance:  

It is believed by the wise that the globe of the earth, like everything that has been 

born, emerged from nature’s hands in a regular form; for God does not make 

rough plans, and everything which is formed by itself develops imperceptibly 

either from small parts, or is fashioned by the parts arranging themselves by 

separation and collision. Therefore the ruggedness of mountains, with which the 

face of the earth bristles, appeared later. And certainly if liquid existed from the 

beginning, it is necessary that the face of the earth must have been uniform also; 

and it agrees with the general laws of bodies that solids hardened from liquids. 

And this is proved by solids enclosed within a solid, when certain strata and 

cores are confined within their own niches and paths, such as the veins of ore in 

rock, or gems in stones. lxxxvii 
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Such is the mélange of subjects that neither William Whewell lxxxviii, nor Charles Lyelllxxxix, 

nor more recent historiansxc, could find anything distinguishable as geology in what Lyell called 

the “familiar association of philosophers, in the age of Newton, of questions of physics and 

divinity” xci. A review of Burnet’s and Whiston’s Theories of the Earth, among others, finds 

divinity very much in the foreground. Notwithstanding their claimed allegiance to the facts 

gathered by experiment and observation according to the new science, the Theorists of the Earth 

were quite latitudinarian in determining what facts were admissible. This is another point of 

conflict between their idea of the experimental program and their practice of it.  

To sum up, the Theorists of the earth claimed to participate in the experimental methodology, 

the epistemological limitations, and the factual matter of Boyle’s scientific program. Many of 

them did, when they researched chemistry. But when they turned to the study of the earth, the 

results were the antitheses of what they produced in chemistry.  

 

EXPERIMENTAL DATA, OBSERVATIONS, AND “BETTER THAN NO DATA” 

The author suggests that the key lies in the difference between a geological and a chemical 

experiment. Experiments in chemistry shed considerable light on the properties of matter and the 

nature of reactions; experiments in geology are usually stymied by the problems of temporal and 

spatial scale. Only in recent years has technology, able to simulate large distances, high 

temperatures and pressures, and long timescales, given experiment a significant role in 

expanding knowledge in geology. Such experimentation was impossible with the equipment 

available in the 17th-18th centuries.  



418 
 

Several of the Theorists of the Earth attempted geological experiments, as discussed above, 

but found that most of them produced no conclusive results. They quickly realized that the 

processes that had shaped the Earth required more time than they would have to experiment 

withxcii. The incapacity of the experimental method to deal with the study of the earth came to 

Steno’s attention, and he castigated the experimenters’ misplaced confidence in it:  

Travellers into unknown realms frequently find, as they hasten on over rough 

mountain paths toward a summit city, that it seems very near to them when first 

they descry it, whereas manifold turnings may wear even their hope to 

weariness... So, and not otherwise, is it with those who proceed to true 

knowledge by way of experiments; for as soon as certain tokens of the unknown 

truth have become clear to them, they are of a mind that the entire matter shall be 

straightway disclosed… xciii 

 

If the Theorists of the Earth had possessed experimental matters of fact regarding the earth, 

they would probably have used them. Lacking that, they had to turn to other methods of 

generating knowledge. They examined history, mythology, philosophyxciv. Co-opting these as 

data, they eked out their rudimentary observations on rocks and minerals. The result is a morass 

of history, astronomy, philosophy, chemistry, physics, mineralogy, theology, and mythology. It 

is not surprising that Lyell and Whewell did not recognize them as geology.  

A. Hall suggests that this may have been due to the relatively short history of the study of the 

earth compared to the millennia of speculation on physics, astronomy, and the constitution of 

matter.  
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Elsewhere in science [than physics], however, where the organization of ideas 

was less advanced and the material far more complex and subtle, the 

straightforward acquisition of accurate information was a more fruitful 

endeavour than premature efforts at conceptualization. This is most clearly true 

of the biological sciences; no Galileo could have defined the strategic ideas of 

geology or physiology which only emerged from the wider and deeper 

knowledge of facts obtained in the nineteenth century.xcv 

 

Researchers of the 17th century were offering the “strategic ideas” of geology before the 

science had a name, or before any of its practitioners thought that the straightforward acquisition 

of accurate information was more useful than writing Theories of the Earth.  

They went about the acquisition of information about the earth the same way they were 

trained to in chemistry: by experimentxcvi. But the unsuitability of the method to the project 

became apparent, first to Steno, gradually to the others. Rather than abandon the project, they 

supplemented the method by means that they would never have countenanced for a chemical 

study: astronomy, theology, myth, metaphysics, the Bible.  

 

CONCLUSION: AFTER THE THEORIES OF THE EARTH 

For many years the data of geology continued to include metaphysics, theology, philosophy 

and philology. Gradually, however, observation became and remained the chief tool. During the 

19th century, a “visual language” for communicating observations developed xcvii, analogous to 

the language that Boyle had developed in chemistry decades before xcviii. Philosophy, then 

history, then religious texts, were eventually abandoned in the face of evidence gathered by 
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observing the rocks, which alone became the “archives of nature” xcix. Slowly, the empirical 

program was adapted to studying the earth.  

A restriction in scope was a natural part of this. Long, spun-out theories covering the entire 

earth over all time slowly gave place to the study of parts of the earth, empirical in fact as well as 

in name. Starting around 1700, scholarly attention shifted to the descriptive geology of regions, 

and Theories of the Earth dwindled in numberc. This parallels the limitation of chemistry to 

careful experimental studies of individual and limited problems. The change resulted from the 

realization that in Theories of the Earth, hypothesis had badly overreached the data.  

With the new experimental philosophy barely a generation old, the reach of the 

earthmakers far exceeded their grasp. Yet by their very rashness they forcibly 

turned men’s attention to observation, to experiment, to mathematical 

verification.ci  

 

Thus, the genre of Theories of the Earth were the early fruits of an attempt to use the new 

experimental scientific program to study the earthcii. The effort was an optimistic misapplication 

of a method unfitted to the subject: the laboratory’s “matters of fact” were not accessible in the 

study of the earth. The method had to be tinkered with to fit the situation of nature. At first this 

was done by supplementing observation with the biblical, historical, and philological types of 

knowledge traditionally held in highest regard. At length the development of an observational 

system, and a standard of communicating its results, enabled purely observation-based studies to 

fill the gap in data on the earth. These studies were as limited in scope as a chemical essay, and 

like the chemical essay they came to dominate the discipline’s dialog and to found its theories. 

By the historical period at which Lyell and Whewell could identify an earth science, its domain 
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was restricted in method, in scope, and in communication, as the domain of chemistry had been 

earlier.  
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