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Abstract
Two sediment-hosted stratiform Cu-Co deposits in the Tenke-Fungurume district
of the Central African Copperbelt were examined to evaluate the alteration and supergene
history of the ore-hosting Mines Series strata and its implications for ore distribution and
processing. The Mines Series is a mixed carbonate-clastic sequence of Proterozoic age,
found as mineralized, heavily altered allochthonous blocks throughout the Copperbelt.
Core logging and petrographic studies, focused on crosscutting and other timing
relationships, outlined a complex series of alteration events. Earliest features include
formation of anhydrite nodules and laths and a first phase of dolomitization. Two later
episodes include silica introduction that accompanied or alternated with dolomitization.
At least one episode of Cu-Co sulfide introduction accompanied the last episode of
dolomitic alteration. Sulfides and some of the carbonates were subsequently affected by
supergene processes, with oxidation, transport, and reprecipitation extending to depths of
100-200 meters beneath the modern surface.
Modern ore distribution is a result of these alteration processes. Ore
mineralization is concentrated in two laminated, shale-dominated units on either side of a
cavernous silicified dolomite. This suggests that silicified carbonate provided the main
conduit for the hydrothermal fluids, with sulfides precipitating at the redox or sulfurbearing contacts with the shales. Supergene processes later dissolved and moved some of
the metals, depositing them as oxides in or beside the channels through which the fluids
moved. Cu and Co oxides precipitated in different places due to the solubility contrast
between Cu and Co ionsfurther complicating the distribution patterns. Thus, the modern
ore distribution at Tenke-Fungurume is a result both of the original hypogene contactrelated precipitation and of supergene oxidation and movement in fluid channels, with the
added effects of solubility contrast. The supergene fluid flow also affected gangue
minerals such as dolomite, whose distribution has an economically important influence
on the processing costs of oxide ores.

Introduction
Sediment-hosted stratiform copper deposits are one of the world’s principal
sources of copper and cobalt (Hitzman et al., 2005). Among the most important are those
of the African Copperbelt, an arcuate band of sedimentary and metasedimentary rocks
extending across the southeastern Democratic Republic of Congo into northern Zambia
(Selley et al., 2005). Copperbelt deposits have long attracted scientific and mining
attention, but their remoteness and political instability in the Democratic Republic of
Congo have made research difficult and exploitation nearly impossible for extended
periods of time. This paper presents results focused on hypogene and supergene alteration
history in two deposits and its ramifications for economic copper and cobalt
mineralization. The two deposits, Mambilima and Kansalawile, are located in the TenkeFungurume district in the Democratic Republic of Congo. Tenke-Fungurume is one of
the larger copper-cobalt resources in the African Copperbelt, with an estimated 135 Mt of
3.1% Cu and 0.3% Co ore (Freeport-McMoRan 2009 Form 10-K). Several of the
deposits within it have recently been put into production by Freeport McMoRan (Annual
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Report 2009).
The rejuvenation in large-scale mining in the Congolese deposits has brought with
it renewed opportunities for research, particularly studies of the Proterozoic, ore-bearing
“Mines Series”. These basinal strata host most of the DRC’s large, high-grade copper
and cobalt deposits but have frustrated researchers since the 1930s. The still-ongoing,
80-year debate over the origin of the ores (e.g., Bateman, 1930; Darnley, 1960;
Mendelsohn, 1961; Bartholome, 1972; Annels, 1974; Selley et al., 2005) is an example of
the capacity of the Mines Series to perplex and intrigue geologists who study its deposits.
Although the origin of mineralization remains a key topic, others are also critical
for mining interests in the DRC. The nature and highly irregular distribution of ores is
one such topic, and like the origin question, it has been much studied and yet remains
poorly understood (e.g., Bain, 1960; Dewaele et al., 2006). The modern ore distribution
is as much a result of alteration as of original ore-deposition patterns and is difficult to
characterize, presenting a challenge to mineral exploration. Because of this complexity
and local variations, attempts to quantify ore distribution patterns are generally limited to
the deposit or district scale (e.g., Oosterbosch, 1951; Bartholome, 1974; Garlick, 1989).
Previous work in the Tenke-Fungurume district, in fact, is limited to Oosterbosch (1951),
which focused mainly on sulfide mineralogy. The present paper is designed to
supplement earlier work on ore distribution by placing it in the context of alteration
history, as well as considering the alteration of gangue minerals pertinent to ore
processing, especially dolomite.
In this study, alteration in the Mines Series alteration was investigated at two
deposits in the Tenke-Fungurume district (Figs. 1-2). The deposits, Mambilima and
Kansalawile, were selected for their structural simplicity and their wide range of ore
types and grades and gangue mineralogy. This article begins with a short review of
Copperbelt geology and a description of the ore-hosting strata as they appear at
Mambilima and Kansalawile. This is followed by a brief exposition of research methods,
which are discussed in greater detail in Appendix A. The observations recorded in
subsequent sections are then used to construct an interpretation of the alteration processes
active at Mambilima and Kansalawile and their effects on current patterns of ore and
gangue distribution. Some of the effects of gangue mineralogy on processing costs are
also considered. The paper concludes with a discussion of the implications of this
research for other deposits in the Copperbelt and elsewhere.

Geologic Framework
Regional context
The African Copperbelt is hosted in the Neoproterozoic Katangan Succession, a
thick sedimentary sequence between the Congo and Kalahari cratons of southern Africa
(Selley et al., 2005; Fig. 1). Following accumulation of these clastic to evaporitic
sedimentary rocks in a 400-km-long extensional basin, compressional tectonism led to
extensive deformation and related low- to moderate-grade metamorphism, particularly in
the Zambian area of the Copperbelt (Unrug, 1988; Kampunzu and Cailteux, 1999).
Nodules and laths pseudomorphing anhydrite indicate that the climate was arid during
sedimentation (Kirkham, 1989; Muchez et al., 2008).
Sedimentation in the basin was cyclical, beginning around 880 Ma and alternating
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between carbonate- and clastic-dominated layers (Annels, 1984, 1989; Lefebvre, 1989;
Porada and Berhorst, 2000; Master et al., 2005). After deposition of the Roan
Supergroup, the lowest Katangan unit, sedimentation continued in a separate basin, the
northeast-trending Kundelungu Aulacogen (Unrug, 1988; Kampunzu and Cailteux, 1999;
Porada and Berhorst, 2000). The Lower and Upper Kundelungu Supergroups were
deposited there, continuing the alternations of carbonate and clastic sediments.
After deposition, large rafts of the Katangan sediments were transported
northward, aided by salt tectonics, during the Lufilian Orogeny (Jackson et al., 2003).
The date of this orogeny is disputed, most authors claiming it occurred either 545-515 Ma
(Porada and Berhorst, 2000) or 750-600 Ma (Kampunzu and Cailteux, 1999).
Metamorphism accompanied deformation, with grade decreasing from south to north
(Selley et al., 2005). The Tenke-Fungurume district, located on the outer fringe of the
arc, underwent only low-temperature diagenesis and metasomatism. The results of the
Lufilian deformation are clearly visible from a modern plan view of the area, which
illustrates the complexity caused by extensive Lufilian folding and faulting. Mambilima
and Kansalawile are two of the simplest deposits in the district. These deposts occur on
the anticlinal segment of a syncline-anticline pair that have northward-plunging axes
(Figs. 1-2).

Stratigraphy and sedimentology of the Mines Series in the district
The stratigraphy in the Mines Series at Tenke-Fungurume is shown in Figures 3
and 4. At the base is a unit known as the RAT (Roches Argilo-Talqueuses = Clay-Talc
Rocks). It has three subunits: an argillite-dolomite crackle breccia (Woodcock and Mort,
2008) of unknown thickness is overlain by a meter-thick polymict conglomerate or
breccia of well-rounded argillite clasts, and a 5-10-m-thick argillic sandstone sits on top.
The total thickness of the RAT is unknown, and its origin is a subject of controversy
(e.g., Wendorff, 2000; Kampunzu et al., 2005). Above the RAT are the DStrat
(Dolomites Stratifiées = Stratified Dolomites) and RSF (Roches Siliceuses Feuilletées =
Fissile Siliceous Rocks) units, which consist of laminated shales and dolomites whose
proportion of shale increases upward. The next unit above is the RSC (Roches Siliceuses
Cellulaires = Cellular (algal) Siliceous Rocks), which originally was an algal dolomite
but is intensely altered to a mixture of silica and dolomite. The RSC unit is overlain by
the SDB (Schistes Dolomitiques de Base = Basal Dolomitic Shales), an iron-oxide-rich
shale unit, whose upper contact with the SDS (Schistes Dolomitiques Superieures =
Upper Dolomitic Shales) is marked by the appearance of sand in the shale. The SDS is
composed of shales, dolomitic sandstones, and dolomites, as is the unit above it, the
CMN (Calcaire a Minerai Noire = Dark Calcareous Minerals).
Spatial variations in the Mines Series exist within the district. The proportion of
carbonate to clastic material is higher in Kansalawile than in Mambilima, which is
dominated by clastics. The frequency of carbonates, mostly dolomites, increases from
east to west and from south to north. In other respects, the lithology of the two deposits
is similar.

Ore mineralization in the Mines Series at Tenke-Fungurume
Ore is present in all the strata in varying amounts, but the highest grades occur in
the “Upper Orebody” and “Lower Orebody”. The former, sometimes called the “Black
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Ore Mineralized Zone”, refers to ores hosted by the SDB shales. The Lower Orebody
extends from the sandstone of the uppermost RAT to the RSF-RSC contact. Other units
can also be mineralized; mineralization is strongly related to lithology. High-grade zones
are localized, normally with sharply defined boundaries.
The dominant ore minerals are chalcocite, heterogenite (CoOOH), and malachite,
with accessory chrysocolla, cobaltoan dolomite, sphaerocobaltite (CoCO 3 ), and minor
carrollite (CuCo 2 S 4 ). The proportion of oxide and carbonate ore to sulfide ore is very
high in the eastern sections of Mambilima and decreases to the west.

Stratigraphy, Alteration, and Mineralization at Mambilima
and Kansalawile
This study focused on characterizing the stratigraphy, hydrothermal alteration,
and distribution of hypogene and supergene gangue and ore minerals along several cross
sections through the Mambilima and Kansalawile deposits. Field work involved detailed
logging of 2215 m of drill core at a 1:50 scale, supplemented by reconnaissance surface
observations along the cross section lines, in nearby deposits, and elsewhere in outcrops
of the upper Roan stratigraphy. Samples collected for study were examined in hand
specimen and by petrographic examination of 37 polished thin sections. X-ray diffraction
and Raman spectroscopy were used to identify unknown minerals. Appendix A contains
a more detailed explanation of the methods used.

Stratigraphy and lithology
Twelve major lithologies, combinations of original rock compositions with the
effects of alteration, were identified at Mambilima and Kansalawile (Table 1; Appendix
C). Figure 5 shows their distribution across the deposits; the main loci of alteration are
depicted in Figure 6. Figure 7 shows the distribution of metal grades in Mambilima and
Kansalawile. Most high-grade zones are related to contacts between these lithologies.
The major lithologies in the Mines Series are sandstones, shales, and dolomites.
Sandstones generally consist of quartz grains in a matrix of dolomite or clay; only one
type, an argillaceous sandstone unique to the uppermost RAT, can be a significant ore
host. Shales, distinguished by their well-laminated appearance and tendency to contain
obvious iron oxides, commonly host sulfide and oxide ore and can range from relatively
unaltered to pervasively dolomitized. Shales can also occur finely interlaminated with
dolomites, a combination especially liable to host ore and which makes up most of the
Lower Orebody. Dolomites, where not mixed with the shales, occur as massive, stylolitic
rock, generally barren; as the heavily silicified, erratically mineralized RSC; or as well
laminated, ore-rich gray strata in the Lower Orebody. Other lithologies include a
polymict conglomerate and argillite-dolomite crackle breccia, both in the RAT; massive,
largely unmineralized claystones; and limestones and other calcareous phases, none of
which is a significant ore host.
The lithological makeup of the Mines Series changes with location. In the east,
clastics dominate the assemblages. Carbonates increase westward and make up a
majority of the rocks in central and western Kansalawile.
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Post-deposition features
Petrographic examination revealed a number of features useful in determining the
nature and order of alteration events. These, detailed below, were used to construct a
paragenetic sequence.
Early features
Some strata, particularly the DStrat and SDB, show features whose relationship to
their host rocks suggest they formed prior to lithification. These include nodules, laths,
and “toothbrush” veins.
Laths and nodules of quartz and dolomite likely represent early formed anhydrite.
Polycrystalline, rectangular laths of quartz and dolomite are common in the Mines Series,
mostly in the DStrat and more rarely in the RAT, RSF, and RSC(Fig. 8a). Possible laths
were also observed in the SDB and SDS. Some contain small inclusions of anhydrite.
The laths are aligned with the preferred orientation of the grains of their host rock; where
the rock shows no such fabric, their orientation is random. In the DStrat of Mambilima,
some of the laths are aligned into thin (<0.6 cm) bands, although those in between bands
are scarcer and show no preferred alignment. The similarity in orientation of laths with
the alignment of grains in the rock suggests that they formed early.
Nodules of silica and/or dolomite also occur, primarily in the DStrat. These are
normally ellipsoidal, elongate parallel to bedding, and measure approximately 2-3 cm on
the major axis. The laminations of the rock deform around them smoothly (Fig. 8b). In
contrast to the laths, the nodules are cryptocrystalline.
White dolomite veins parallel to sedimentary lamination commonly exhibit
“toothbrush” textures, with elongate dolomite crystals perpendicular to vein margins.
These veins are discontinuous, rarely more than 5 cm in length. They are found in the
DStrat, RSF, SDB, SDS, and CMN and occur in dolomite-altered rocks, mostly shales. In
thin section, they have sharp boundaries; as with the nodules, the laminations in the rock
deform smoothly around the edges of the veins, indicating an early formation.
Alteration features
Later dolomite, silica, and sulfides are superimposed on the host rocks and their
diagenetic features. These constitute multiple episodes of alteration and related metal
deposition. Their mineralogy, texture, and timing are described here, followed by a
description of their spatial distribution. Other alteration types described elsewhere in the
Copperbelt, such as ones with hydrothermal albite or K-feldspar (e.g., Darnley, 1960;
Selley et al., 2005), were searched for but have not been observed in the Mines Series in
this study, even in the clastic rocks where they might have been expected.
Several episodes of dolomitization can be demonstrated. Rhomb-shaped dolomite
is present, at least one early generation of which has been replaced by quartz. These
rhomb-shaped quartz crystals have inclusions of dolomite and are overgrown by euhedral
dolomite crystals (Fig. 8c-8f). In some cases, replacement of early dolomite is incipient,
and only the rims of early dolomite crystals are replaced (Fig. 8e-8f). Many of these rims
are overgrown by dolomite, indicating that the silicification occurred between two
episodes of dolomitization. The dolomite and quartz appear to overprint the rock, cutting
through laminations and including small fragments of rock material.
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Multiple generations of silica minerals, mainly quartz and chalcedonic silica,
manifest widespread silicification of the RSC and RSF, and to a lesser extent of the
DStrat. Representative textures in Figures 8g-8h show fan-shaped brown chalcedony
crosscut by silica veinlets, chalcedony fans nucleating on top of colloform chalcedony,
and chalcedony fans crosscut by quartz crystals. The crosscutting relationships among
the various forms of silica indicate at least two generations of quartz precipitation.
Sulfide mineral assemblages at Mambilima and Kansalawile are of two types
(Fig. 9a-9b). The first variety, almost entirely chalcocite, is relatively coarse, with grains
ranging up to ~5 mm, and shows only slight alteration. This type is found in association
with euhedral dolomite crystals and with the toothbrush veins. Other sulfides, mainly
chalcocite but with some carrollite, show a variety of complex replacement and alteration
textures, some of them involving iron oxides. It appears from Figure 9b that the carrollite
preceded the chalcocite which partially replaced it. This type has no recognized gangue
association.
A few grains of other sulfide minerals, mainly bornite and chalcopyrite, were
discovered deep in Mambilima and Kansalawile, heavily oxidized in most cases. Their
scarcity and strong oxidization preclude effective characterization.
Supergene phases, , particularly goethite and hematite, are prevalent throughout
Mambilima and Kansalawile from the surface to the lowest depth studied, generally
occurring as microscopic grains disseminated within the rocks or as thin rims surrounding
sulfides. Oxide ore minerals such as malachite, chrysocolla, and heterogenite occur
disseminated or in veins, and are common in dissolution cavities left by former dolomite
and sulfide crystals in the supergene zone. Sphaerocobaltite (CoCO 3 ) and cobaltoan
dolomite are rarer but are locally present in veinlets and around the edges of dolomite
crystals, particularly in the RSC’s silicified dolomites. The crosscutting and replacement
relationships of oxide ores and the gangue phases suggest late formation of the ore
minerals.
Sequence of events
Figure 10 summarizes the temporal sequence of features observed within the
Mines Series at Mambilima and Kansalawile.
From crosscutting, inclusion, and replacement relationships, it appears that the
formation of evaporites and initial dolomitization, probably replacing original calcite, of
the Mines Series took place during or shortly following deposition of the sediments. A
subsequent influx of silica, preceded or accompanied by the dissolution of some of the
dolomite, created a silica-rich groundmass and lined void spaces with colloform brown
chalcedony (Fig. 8g-8h). During these alteration events, Cu and Co sulfides were
precipitated, such as the carrollite in Figure 9b. The formation of chalcedony was
followed by the introduction of more dolomite, which created coarse crystals whose
rhombic outlines and remaining fragments are still visible in the shape of the silica that
replaced them (Fig. 8c-8f). This replacement quartz was overgrown by a third and last
generation of dolomite, distinguished by its euhedral appearance and accompanied by a
second period of deposition of sulfides, almost entirely chalcocite.
Supergene processes continued to redistribute minerals after the major hypogene
alteration events. Near the surface, almost all of the remaining dolomite was dissolved
and the chalcocite oxidized by circulating fluids, which precipitated iron, manganese,
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copper, or cobalt oxides into the dissolution cavities.
This series of events applies to both deposits, although with some local variations
in the extent and depth of alteration processes. In Mambilima, dolomite dissolution and
metal oxidation and transport were much more pervasive than in Kansalawile, where the
effects of supergene processes are less pronounced. Variations in alteration intensity
probably also existed among different strata, a consequence of differences in porosity,
permeability, and chemical properties. For instance, the shales of the SDB are less prone
than the RSC unit either to receive extensive, repeated alteration or to preserve its traces.
Therefore, alteration events that profoundly changed the mineralogy of the RSC may
have had a much more limited effect on other, less porous units. Only in the RSC is the
full paragenetic sequence of Figure 10 found; the SDB, RSF, and DStrat show fragments
of the sequence of events, but either were not affected by some of them or failed to
preserve evidence of them.

Distribution of diagenetic features, alteration, and mineralization
Some of the most striking features of the cross sections in Figure 5 are the
surface-parallel lines marking the uppermost occurrences of dolomite and sulfides and
the (inferred) lower boundary of oxide occurrence. Above the marked lines in Figure 5,
dolomite has been dissolved, leaving obvious cavities (Fig. 9e-9h). Sulfides above
approximately the same elevation have been completely oxidized, leaving boxwork filled
with metal oxides (Fig. 9c-9d). The oxides extend to great depths, generally at or below
the deepest levels logged in this study.
Also notable, especially in Figure 6, is the relationship between stratigraphy and
alteration. Silicification is by far strongest in the RSC, with significant overlap into the
layers above and below. Below the surface-parallel “dolomite line,” zones of strong
silica alteration in some places overlap with dolomitized areas, but dolomitization
appears to have been much less stratabound than silicification.
Ore distribution likewise displays a relationship to stratigraphy (Fig. 7) but is
even more closely tied to lithological contacts. Particularly favorable ore hosts are those
contacts which mark substantial changes in rock characteristics, such as porosity and
rheology. Two types of contact-related high-grade zones exist: those bounded by
lithological contacts and those occurring at them but not extending significant distances
into the surrounding rock.
Using the Lower Orebody as an example of the first type, grade extends
throughout the DStrat and RSF, two lithologically similar units (Fig. 7). Ore grade does
not change significantly across the internal contact between the two strata, where
laminated dolomites give way to laminated shale-dolomites, but decreases precipitously
across the boundary separating laminated shale-dolomite and massive, cavernous
silicified dolomite. A high-grade zone of the second variety is found at the contact of the
silicified dolomite and the laminated shale, where heterogenite commonly occurs in high
concentrations and extends into the neighboring rock only in fractures. Higher grades of
both Cu and Co can occur at contacts, together or individually.
Other high-grade zones occur in lithologically homogeneous intervals and do not
appear to be bounded by, coincident with, or otherwise related to, changes in lithology.
This variety is exemplified by the concentration of extreme Cu grade in the RSC of
Kansalawile (Fig. 7). Interestingly, examples of this kind are found only above a line
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about 50-70 m below the land surface and parallel to it, and the ore occurs mainly in
veins and cavity fillings (e.g., Fig. 9c). In Kansalawile, these contact-unrelated highgrade zones are exclusively Cu-rich; in Mambilima, some are rich in Cu and some in Co,
but in very few cases are the two metals found together, i.e, high-Cu zones tend to be
low-Co zones, and vice versa. No such dichotomy exists in high-grade zones associated
with lithological contacts.

Interpretation and Discussion
Alteration history
The sequence of events discussed above and portrayed in Figure 10 summarizes
the features observed in thin sections and hand samples. The multiple generations
indicated by the textures of silica, dolomite, and sulfides can best be interpreted as the
result of several fluid pulses that alternately produced dolomite (± sulfide) and
precipitated silica while dissolving dolomite. Textural relationships indicate a minimum
of three dolomitization episodes alternating with two of silica, preceded by the formation
of anhydrite and followed by supergene oxidation and dissolution. Two phases of
sulfides are apparent, the first composed of carrollite and chalcocite with no clear gangue
association, the second dominated by chalcocite and associated with the last episode of
dolomite introduction.

Distribution and evolution of mineralization
Ore distribution in the Mines Series is a result of both lithology and alteration.
Lithology provided the basic chemical and physical contrasts conducive to sulfide ore
deposition, whereas alteration, particularly supergene alteration, redistributed the metals
and reprecipitated them as oxides, as schematically represented in Figure 11.
Several factors govern the precipitation of sulfide ore. The two most likely to be
important at Tenke-Fungurume are redox state and the availability of reduced sulfur
(Kirkham, 1989). The precipitation of sulfides at redox boundaries, where a metalbearing oxic brine meets a reservoir of reduced sulfur, is a scenario easily applicable to
contact-associated ore concentrations at Tenke-Fungurume. In light of this, it is probably
no coincidence that shale-bearing units host much of the ore in the district. Their
impermeability and capacity to contain sulfur could have provided both the sulfide and
reducing conditions required to precipitate metal sulfides (Bartholomé, 1974; Rose,
1989).
Added to this, the position of the major ore horizons on either side of the most
porous unit in the Mines Series suggests that fluid channeling played a significant role in
determining the location of hypogene ores. The silicified algal dolomites of the RSC
contain little or no sulfide mineralization, except in small intercalations of shale similar to
beds in the ore horizons (Mendelsohn, 1989). The cavernous nature and dolomite-silica
composition of the RSC would make it a poor sulfur reservoir but a fine aquifer. Thus,
an oxic, mineralizing fluid could have flowed through the RSC unit, precipitating ores in
the reduced, sulfidic shales above and below it (Oosterbosch, 1951; Annels, 1989; S.
Castro-Reino, personal comm., 2009).
There is also an instructive difference in the ore mineralization of the Upper and
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Lower Orebodies, reflecting the lithological differences between the RSF/DStrat and
SDB (Fig. 7). In the Upper Orebody, grades are high at the contact of the RSC and the
homogeneous SDB shales but can drop off quickly in the shale unless it is fractured. In
contrast, the high-grade zone that begins at or near the RSF-RSC contact tends to
continue throughout the alternating shale and dolomite laminations of the RSF and
DStrat. The lithological contrast of shale and dolomite, giving rise to increased
permeability, would make the RSF and DStrat more susceptible to pervasive
mineralization than the SDB. Grade decreases precipitously in the lithologically
homogeneous uppermost RAT, where the contrast-induced permeability vanishes.
Hypogene ore distribution, thus controlled by sulfur availability, redox state, and
permeability, was overprinted by the supergene events related to the modern land surface.
During supergene reworking, sulfide ores were oxidized, remobilized, and reprecipitated,
in many cases without reference to lithological contacts (Fig. 11). The high-grade oxide
concentrations that ignore lithological contacts are interpreted to be a result of this
supergene redistribution. This conclusion is supported by their restriction to a nearsurface zone and the late timing apparent from their relationships to other minerals.
Their monometallic nature – either Cu-rich or Co-rich, but not both – is thought to be a
result of the differences in solubility of Cu and Co ions in ore-transporting supergene
fluids (Rose, 1989; Katsikopoulos et al., 2008). The occurrence of the monometallic,
high-grade zones is erratic, though possibly related to fault planes or other structural
controls (Bateman, 1930; P. Mambwe, personal comm., 2009).

Gangue acid consumption
Gangue acid consumption refers to the acid required to dissolve gangue minerals,
such as carbonates, during extraction of metals by acid leaching from oxide ore. This
extra acid is a major expense in ore processing; abundant acid-consuming gangue
minerals can render even rich deposits uneconomic by raising the processing costs to
unacceptable levels.
Thus, understanding the factors that lead to high gangue acid consumption is of
paramount importance to exploration and mining in the Copperbelt, and was one of the
main foci of this study. Petrographic examinations found that dolomite is the only acidconsuming gangue mineral in significant quantities at Tenke-Fungurume. The amount
of acid consumed by dissolution of gangue, known as the gangue acid consumption
(GAC) value, can be computed (Appendix A). Titration experiments (detailed in
Appendix A) show that the GAC value, because of its dependence on dolomite, can be
reliably correlated with lithology and alteration type (Appendices B and C).
The spatial distribution of GAC values is related to the distribution of dolomite.
Most notably, it is low in the upper 50-100 m below the land surface, where supergene
processes removed most or all dolomite. Below that level, the GAC values reflect the
intensity of dolomitic alteration and the amount of carbonate present in the original rock.
Strongly silicified rocks tend to have low GAC values, whereas heavily dolomitized
areas, particularly those with lithologies high in carbonate, exhibit the highest GAC
values (Fig. B2).
The economic consequences of the distribution of GAC values are that the
removal of dolomite created a subsurface zone of oxide ore with low processing costs; in
contrast, processing costs at depth are variable and are a function of the original
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carbonate content of the rock and the extent of dolomitic alteration. GAC values can be
approximately predicted by analyzing the lithology and alteration type of the ore-bearing
rocks. Further discussion of the role of lithology in GAC is in Appendix C.

Comparison with other deposits and studies
The results found in this study are in concord with the conclusions of previous
observers regarding alteration and mineral distribution, though most previous work on
ore mineral distribution focused on sulfide zoning (e.g., Oosterbosch, 1951; Bain, 1960;
Mendelsohn, 1989), which is impossible to distinguish in the heavily oxidized orebodies
at Mambilima and Kansalawile. The “fitfully distributed” oxide ore concentrations,
described by Bateman (1930) in the Roan Antelope mine, were also observed at TenkeFungurume and are interpreted here as the result of supergene processes. Observations
on sulfides at Tenke-Fungurume are also consistent with findings at other deposits, such
as the two generations of sulfides found by Dewaele et al. (2006) at Kamoto and Musonoi
and by El Desouky et al. (2009) at Kamoto and Luiswishi.
Alteration textures similar to those described here are documented elsewhere in
the Copperbelt, with multiple stages of dolomitization and silicification accompanied in
part by Cu-Co mineralization. Dewaele et al. (2006) and El Desouky et al. (2009)
interpret textural complexity as representing multiple episodes of fluid influx and Mg-Si
metasomatism. The former study describes four dolomite stages rather than three and
considered all the siliceous alteration as a single, protracted event occurring between the
first and second introductions of dolomite. These differences between the work of
Dewaele et al. (2006) and the results of this study may well be due to local variations in
alteration or to differences of analysis; Dewaele et al. (2006) performed
microthermometric and fluid inclusion studies, which have not been undertaken for
Mambilima and Kansalawile. The overall similarity with the results of this study is
encouraging, and as Bartholome (1972) and Cahen (1974) point out, the lithology of the
Mines Series in Katanga is known to be remarkably uniform even at deposits separated
by several hundred kilometers. There is room for cautious optimism that the alteration
history described here can be used to help interpret the paragenesis of other deposits
within the same pressure and temperature ranges of alteration in the Copperbelt.

Summary and Conclusions
The main factors in determining the present mineralogy and metal distribution of
the Mines Series were the original lithology, multiple fluid infiltrations, original and
evolving permeability and redox state of the rocks and, ultimately, their proximity to the
surface. Sulfide ores, probably deposited at redox boundaries, were confined to certain
zones by permeability and sulfur availability and were subsequently oxidized and
redistributed by supergene fluids whose route was governed by the permeability and
depth of the rocks. Modern ore occurrences clearly show both of these influences: the
high-grade zones associated with contacts remain to mark the locations of sulfide
deposition, whereas rich, monometallic oxide zones within lithological units show where
metals were finally reprecipitated, which after being dissolved and transported by
supergene fluids.
Gangue mineralogy was affected first by the formation of anhydrite laths and
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nodules, followed by repeated episodes of Mg-Si metasomatism that left complex
textures in silica and dolomite. Later, pervasive near-surface fluid circulation dissolved
dolomite and variably leached or enriched shallow rocks. In addition to profoundly
affecting ore types and distribution, the removal of dolomite created a subsurface zone of
oxide ore with low processing costs. At deeper levels, processing costs are a function of
the original carbonate content of the rock and the extent of dolomitic alteration, and can
be approximately predicted by analyzing the lithology and alteration type of the orebearing rocks. Thus, the alteration history of the Mines Series at Tenke-Fungurume
determines not only the course of mineral exploration but also the cost of mineral
processing, and is therefore fundamental to exploration and mining as well as academic
interest in sediment-hosted deposits.
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Figure Captions
Fig. 1. Location maps for the Tenke-Fungurume district. Top left, map of the Central African Copperbelt,
modified from Kampunzu and Cailteux (1999). Top right, simplified structural map of southern
Africa, modified from Kampunzu and Cailteux (1999). Bottom, simplified depiction of the pattern of
the Mines Series outcrops in the eastern Tenke-Fungurume district; note that all strike and dip
markings are schematic.
Fig. 2. Geologic maps and cross sections of the Mambilima and Kansalawile deposits. Top, the
Mambilima deposit in plan view (left) and cross section along the 418300 line (right). Bottom, the
Kansalawile deposit in plan view (left) and cross section along the 700NE line (right).
Fig. 3. Simplified stratigraphic column of the Mines Series at Mambilima and Kansalawile. Left side
modified from Cailteux (1994). See text for meaning of abbreviations for rock units.
Fig. 4. Rocks of the Mines Series. (A) Typical SDS claystone in core. (B), SDS dolomitic sandstone,
showing fluid oscillation banding. (C), the typical appearance in core of unaltered SDB shales. (D),
SDB shale with dolomitic alteration. (E) and (F), silicified dolomite in the RSC, with the characteristic
cavernous fabric. (G), laminated shale-dolomite from the RSF, dolomitically altered and sulfide-orebearing. (H), contorted and oxidized RSF, also with some dolomitic alteration. (I), dolomite in the
DStrat. (J), shale-dolomite in the DStrat with dolomitic alteration, including a broad dolomite vein
with large dolomite crystals. (K), laminated shale-dolomite in the DStrat without dolomitic alteration.
(L), the RAT crackle breccia. (M), a close-up of the RAT polymict
Fig. 5. South-north cross sections showing the distribution of lithologies in Mambilima and Kansalawile,
with lines denoting the uppermost occurrences of dolomite (blue) and sulfides (orange) and, where
possible, the lower bound of Cu-Co oxide occurrence (green).
Fig. 6. South-north cross sections showing the modern distribution of secondary dolomite and silica. Note
that these figures depict the effects of only the last two or three alteration episodes, which overprinted
the results of earlier processes operating on the same areas. Patterns show present-day occurrence of
rocks classified as “heavily silicified” or “heavily dolomitized”, not their past alteration states. Legend
at center right also shows orientations of cross sections in plan view.
Fig. 7. Series of five south-north cross sections showing metal grades in the Kansalawile and Mambilima
deposits.
Fig. 8. Examples of the complex textures at Mambilima and Kansalawile. (A) silicified laths after early
anhydrite, in cross-polarized transmitted light; (b) laminations in silicified DStrat (outlined in black)
deforming smoothly around them in hand sample; (c) and (d) rhomb-shaped quartz crystals with
dolomite inclusions are overgrown by euhedral dolomite crystals. Both quartz and dolomite cut across
chalcedony fans. Cross-polarized transmitted light. (E) and (f) quartz rims marking the locations of
former dolomite crystals are overgrown by later dolomite. Cross-polarized transmitted light. (G) and
(h) chalcedony nucleating on top of earlier chalcedony. Cross-polarized transmitted light.
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Fig. 9. Selected effects of alteration and supergene processes. (A) and (b) show evidence for two
generations of sulfide ore mineralization. Such sulfides were later oxidized through supergene fluid
circulation, either in situ (c) or with additional transport, leaving behind iron oxide boxwork. (d)
Supergene fluids also dissolved dolomite, commonly leaving behind high-silica rocks with void spaces
marking former dolomite sites (e-h). Mineral abbreviations: Brackets surround replaced mineral site,
e.g., Sil[dol] = silica replacing dolomite.
Fig. 10. Inferred sequence of events in the Mines Series at Mambilima and Kansalawile.
Fig. 11. Schematic representation of fluid circulation and ore precipitation and movement at TenkeFungurume. (A) shows the initial sulfide precipitation at redox boundaries; (b) shows the supergene
redistribution. Note that the position and orientation of the strata in both (a) and (b) are hypothetical
only; exact timing of the deformation of the Mines Series relative to its mineralization is uncertain.
Fig. B1. Bar graph showing GAC value (vertical axis, in kg/tonne H 2 SO 4 equivalent), for eight potential
ore-hosting lithologies, color-coded (horizontal axis).
Fig. B2. Locations of samples titrated, along with results showing GAC value (kg/tonne) for each. Zones
of extremely high GAC values are shaded in red; areas above the marked line have low GAC values.
Stratal contacts are shown by dashed lines.
Fig. B3. Examples of the laminated dolomite lithology. Note characteristic white dolomite veins.
Fig. B4. Examples of the chlorite-quartz-talc lithology. The lower left sample is intermixed with dolomite,
visible as elongate crystals in the middle; the other three contain no significant dolomite.
Fig. B5. Examples of the laminated shale-dolomite lithology. Top row, shale-dominated samples with
little to no dolomite left; center left, with dolomite added; center right, core photograph illustrating
fissile behavior of core without dolomitic alteration; lower left, sample with both silicic and dolomitic
alteration; lower right, heavy dolomitization with characteristic elongate, feathery dolomite crystals.
Fig. B6. Examples of the shale lithology. Top left, gray chalcocite-bearing shale, with dolomite; top right,
oxidized shale without dolomitic alteration; center and bottom photographs showing the difference in
coherence and solidity of core without dolomite (center) and core with heavy dolomitic alteration
(bottom). Note differences in fissility.
Fig. B7. Samples of silicified dolomite. All dolomite has been removed, leaving characteristic large void
spaces, commonly reticulated. Supergene fluid circulation has caused leaching in some samples (left
top) but metal enrichment in others (left bottom, right).
Fig. B8. Silicified dolomite with dolomite remaining undissolved. The diagnostic features of this diverse
lithology include the bluish dolomite crystals in photos (c) and (h), the lack of dissolution cavities, and
the presence of obvious dolomite, such as in photo (a).
Fig. B9. Argillic sandstone, a lithology characteristic of the uppermost RAT.
Fig. B10. Dissolution cavities, a telltale sign of a low-dolomite rock with a low GAC value. Left, cavities
in the RSF are typically small and intra-laminar. Right, cavities in the RSC are much larger,
irregularly positioned, and can be reticulated and/or filled with oxides.

Tables
Table 1. Lithologies present in the Mines Series at Mambilima and Kansalawile, Tenke-Fungurume
district.
Lithology
Found
Features
Mineralogy
Ore
in
Crackle breccia
RAT
Reddish-purple argillite crackle
Clays + dolomite None
breccia with white dolomite
± specularite
veins
Polymict
RAT
Breccia or conglomerate
Clays ± dolomite Rare malachite or
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Claystone

Dolomite

CMN,
SDS,
RAT
DStrat,
RSF

Laminated
dolomite and
shale

DStrat,
RSF

Chlorite + quartz
+ talc

DStrat

Shale

SDB,
SDS,
CMN

Quartzose
sandstone
Argillic sandstone

RAT,
SDS,
CMN
RAT

Silica[dolomite]

RSC

Silica[dolomite] +
dolomite

RSC

Carbonates

SDS,
CMN

supported by well-rounded
argillite clasts from 0.3-10 cm,
unsorted, in dolomite or clay
matrix
Soft, unlaminated red claystone
with occasional quartz grains

±spec

cobaltoan dolomite

Clays + quartz +
Fe oxides

None

Well-laminated, most
commonly gray with white
dolomite veins and nodules
Well-laminated, fissile when
unaltered, in a variety of colors

Dolomite ±
dolomitic shales

Chalcocite; major
ore host

Clays + dolomite
± silica

Soft, white rock easily mistaken
for clay, commonly
interlaminated with dolomite
Gray or red, well-laminated
shale, with extensive iron oxide
staining

Chlorite + quartz
+ talc ± dolomite

Malachite,
heterogenite,
chalcocite,
chrysocolla
Malachite when
interlaminated with
dolomite
Malachite,
heterogenite

Fine to medium-coarse grains in
clay matrix

Clays +
muscovite ±
quartz ±
dolomite
Qtz + clays ±
dolomite

Rare malachite and
heterogenite

Yellow-brown to gray-green
argillite with some fine quartz
grains
White and gray cavernous silica
with abundant oxides
Very dense, hard rock with
obvious coarse dolomite crystals

Clays + quartz ±
dolomite

Malachite

Silica + Fe
oxides
Silica + dolomite
± Fe oxides

Mixed limestone, dolomite, and
carbonaceous clays

Calcite +
dolomite + clays
+ Fe oxides

Malachite, minor
heterogenite
Malachite,
cobaltoan
dolomite,
sphaerocobaltite
None

Appendix A: Methods
Core logging
The table below shows the core holes selected for logging and sampling.
DDH
Deposit
Section line
Length, m
MAMB0045
Mambilima
418300E
102
MAMB0008
Mambilima
418300E
86.5
MAMB0044
Mambilima
418300E
170.5
DMA004
Mambilima
417570E
219.6
MAMB0031
Mambilima
417550E
134
MAMB0061
Mambilima
417550E
226
MAMB0001
Mambilima
417550E
306.5
KASA0070
Kansalawile
700NE
75.5
KASA0006
Kansalawile
700NE
99.5
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KASA0007
KASA0033
KASA0069
KASA0018
KASA0019
KASA0037
Total

Kansalawile
Kansalawile
Kansalawile
Kansalawile
Kansalawile
Kansalawile

700NE
700NE
1200NE
1200NE
1200NE
1200NE

139
167
68
81
128
212
2215.1

The four sections in Mambilima and Kansalawile were selected to represent a
wide variety of mineralization and alteration styles, including leaching, weathering,
enrichment, silicification, dolomitization, and low and high metal grades. Core logging
used a modified Anaconda approach (Brimhall et al., 2006), supplementing color graphic
representations of key features with written descriptions. Logging focused on the
identities, proportions, and textural relationships of the minerals, along with larger-scale
lithological features such as bedding, rock fabric, and vein relations. The data were
subsequently transferred to Microsoft Excel and graphed in two dimensions along each
section line, with relevant mineralogical and other features superimposed over the drill
hole profiles and stratigraphic contacts to illustrate spatial mineralogical trends and grade
changes (Figs. 5-7).
Petrography
1. Equipment
Petrographic examination was conducted on a Nikon Eclipse LV100POL
microscope with both reflected- and transmitted-light capacity. Microphotography used a
Canon EOS 500D camera connected to a Hewlett-Packard laptop computer. All sections
were examined in transmitted and reflected light, focusing on mineralogy and textural
relationships of gangue and ore minerals to develop a paragenetic sequence.
2. List of thin sections
DDH
Depth
Formation
MAMB0044
126
RSC
MAMB0044
151
DStrat
MAMB0031
67.8
DStrat
MAMB0061
147.8
RAT
MAMB0061
151
RAT
MAMB0061
151
RAT
MAMB0061
154.5
DStrat
MAMB0061
158.8
RSF
MAMB0061
211.6
SDB
MAMB0061
211.6
SDB
MAMB0061
214.3
SDS
MAMB0001
160.5
SDS
MAMB0001
191.2
RSC
MAMB0001
255.4
RAT
MAMB0001
274.9
RSF
MAMB0001
296
RSC
17

MAMB0001
DMA004
DMA004
DMA004
KASA0006
KASA0006
KASA0033
KASA0033
KASA0033
KASA0033
KASA0033
KASA0018
KASA0018
KASA0019
KASA0019
KASA0019
KASA0019
KASA0019
KASA0019
KASA0069
KASA0037

297.5
174
176
182.5
76
79
93.8
115.4
142
149.6
149.6
46.5
64
92.9
107.8
107.8
107.8
107.9
115.9
24.8
188.2

SDB
RAT
DStrat
RSF
RSC
RSF
CMN
SDB
RSF
DStrat
DStrat
RSC
DStrat
SDB
RSC
RSC
RSC
RSF
RSF
RSC
RSF

Titrations
Chemical experiments were conducted to obtain quantitative data on gangue acid
consumption. A total of 113 samples – 2 repeatedly used standards of olivine-diopside
sand and calcite, 85 taken from coarse rejects and core, 1 blank, and 13 duplicates - were
crushed, placed in a flask with 50mL of 3M HCl, and allowed to react completely. The
reacted samples were then titrated with 3M NaOH, using bromothymol blue as an
indicator. The amount of acid neutralized by each rock type was used to compute a range
of expected gangue acid consumption for the major ore-hosting lithologies present at
Mambilima and Kansalawile. The expected GAC value (see calculation method below)
was then plotted on the cross sections, and a correlation table of GAC value versus
lithology was constructed. A more detailed explanation of experimental procedure
follows, and results are tabulated in Appendix B.
1. Sample processing
Samples titrated weighed 5 grams and were taken from coarse rejects when
available, otherwise coming from core samples. From the coarse rejects, a random 10gram sample was weighed and its modal mineralogy was assessed as fully as possible
before being ground to a finer grain size with mortar and pestle. The titrated 5-gram
sample was taken from the result. For core samples, pieces were selected to represent as
closely as possible the average modal mineralogy of the full core sample, which was
recorded, and crushed. Ten grams of the broken pieces were weighed and crushed with
mortar and pestle, and 5g were randomly chosen for titration. Samples were kept in
closed and labeled inert containers until used.
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2. Acid and base standardization
The acid and base used in titration were HCl and NaOH, both diluted to
approximately 3M and standardized by titration with 100 mL of 0.02M potassium
hydrogen phthalate, using bromothymol blue as an indicator. Each new batch of acid or
base was standardized before it was used and additional standardizations were performed
several times during the use of each batch to ensure that the exact molarity of each was
known.
3. Titration procedure
Each 5g sample was placed in an Erlenmeyer flask and labeled with sample
number and exact weight. Approximately 50 mL of the standardized HCl (HCl initial ) was
poured into the flask, which was gently swirled to ensure complete submersion of the
sample. The exact quantity and molarity of HCl initial was recorded in an Excel
spreadsheet. The flasks were covered with parafilm and allowed to sit until all signs of
reaction (e.g., fizzing sounds, bubbling) had ceased. This “soaking time” was recorded
and ranged from 15 minutes to several hours.
After the soak period, bromothymol blue was added and the sides of the flask
were rinsed down with distilled water. Titration proceeded until the indicator changed
color. The amount and molarity of the base required was recorded.
4. Initial acid consumption calculation
The molar quantity of base required to neutralize the flask’s contents was
calculated by:
mols NaOH = NaOH M * (mL NaOH / 1000 mL/L)
This was equated to the molar quantity of acid still active in the flask after
reaction with the sample was complete. The amount of acid neutralized per gram of
sample was calculated by:
mol HCl active = mol NaOH titrated
mol HCl initial = HCl initial M * (mL HCl / 1000 mL/L)
mol HCl neutralized = mol HCl initial – mol HCl active
Acid consumption (AC) = mol HCl neut / g sample
5. Error checks: blanks, duplicates, and standards
A. HCl loss to evaporation
To determine whether appreciable amounts of HCl were being lost to the
atmosphere during the soaking time, a “blank” Erlenmeyer flask containing only HCl,
was covered with parafilm according to normal experimental procedure, and allowed to
sit for 4¼ hours before being titrated. The amount of HCl lost (mol HCl initial – mol
HCl active ) proved to be 0.00081 mol, which for the molarity of the acid used (2.955 M) is
equivalent to 0.27 mL of HCl. This was slightly above the instrumental precision, which
was fully accurate only to the nearest 0.2 mL. Therefore, acid loss, while barely
measurable, was not considered significant enough to warrant a correction.
B. Accuracy of results
In order to check the accuracy of the results, 13 “duplicates” of 2 grams each were
taken from the remnants of samples from which 5 g had already been titrated. In 12 of
the 13 instances, the second titration yielded a GAC value reasonably close to the first
results. The disparity between the two was calculated:
AC average = (AC 1 + AC 2 ) / 2
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AC 1 = result > AC average , AC 2 = result < AC average
Deviation = (AC 1 – AC average ) / AC average
Deviation 2 = (AC average – AC 2 ) / AC average
The 13 samples and duplicates had an average deviation of 0.12. Removing the
outlying sample from the average reduced it to 0.09 (error within 9%). The outlier, K687.4A, was taken from a dolomite-veined argillic sandstone, and the disparity in AC
values (1.60 mol/g in the initial titration, 0.65 mol/g in the duplicate) is thought to reflect
chance differences in the proportions of dolomite and argillic sandstone between the
sample and its duplicate.
C. Systematic error
To check that the results obtained were mineralogically plausible, a total of 14
“standards” of known composition were titrated along with the unknown samples.
Standard titrations were spaced over the two-week experiment and used the same HCl
and NaOH as the samples then being processed. Seven standards were olivine-diopside
sand (STDA), six were Iceland spar calcite (STDB), and the thirteenth (STDC) was a 5050 mixture of the two. Two standards, one each of STDA and STDB, were the first two
titrations and, due to procedural errors that led to aberrant results, were disqualified from
inclusion in the data. The rest of the STDA samples showed the expected random scatter
around 0.00 mol/g, but the STDB samples ranged from 0.0203-0.0209 mol/g, consistently
higher than the theoretical acid consumption of calcite:
CaCO 3 + 2 HCl = H 2 O + CO 2 + CaCl 2
CaCO3 = 100.09 g/mol
AC CaCO3 = 2 mol H+/ 1 mol CaCO 3 = 2 mol H+/100.09g CaCO 3 = 0.02 mol/g
As expected for a systematic error related to carbonate content, STDC, which was
50% calcite, had an AC = 0.0102 mol/g rather than the 0.0100 mol/g expected value.
To correct for the systematic error, the average deviation of each standard from its
theoretical value was calculated:
Deviance = AC theoretical – AC actual
Proportion of deviation = Average deviation / AC CaCO3
The proportion of deviation was 0.025. Using this, a corrective factor was
calculated:
Corrective factor = 1 – 0.025 = 0.975
AC corrected = 0.975 * AC measured .
This was applied to all the titration results.
6. Compensating for soluble copper
Since the object of titration experiments was to determine the amount of acid
consumed by gangue, not ore, minerals, it was necessary to subtract the acid consumed
by ore minerals from the determined AC. The only way to find the amount of acid
consumed by ore, without assaying each sample, was to assume that the amount of acidsoluble ore in the sample was equal to the acid-soluble ore in its core interval, calculated
from %ASCu assayed by Freeport-McMoRan and assuming ASCu to be entirely
malachite.
Formula weight of Cu = 63.55
Moles Cu in sample = (g sample * %ASCu * 0.01) / 63.55
Moles H+ consumed per mol Cu in malachite = 2
Mol H+ ore = 2 * mol Cu in sample
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With the molar quantity of H+ neutralized by ore known, the actual gangue acid
consumption values (GAC) was calculated, using the H+ quantities previously corrected
for systematic error:
GAC = (mol H+ neutralized – mol H+ ore ) / g sample
This method of correction is admittedly crude and, at times, caused the calculated
GAC value to veer into negative numbers. However, a correction is necessary to make
the results of titration experiments reflect only the acid consumed by gangue phases, and
a correction scaled to the amount of acid-soluble copper in the sample should, on
average, be more accurate than the uncorrected values.
7. Unit conversion
The preferred industry unit for GAC is kilograms of pure H 2 SO 4 per metric ton
(tonne) of rock. Titration results were converted from mol H+/g sample as follows:
H 2 SO 4 = 98.07 g/mol formula weight
2 mol H+ in 1 mol H 2 SO 4
g H 2 SO 4 / g sample = (0.5 molH 2 SO 4 /molH+) * (molH+/g sample) *
(98.07 g H 2 SO 4 /mol)
kg H 2 SO 4 / tonne sample = (g H 2 SO 4 / g sample) * 103
Using this method, all corrected AC values were converted to kg/tonne of sulfuric
acid or an equivalent diprotic acid, abbreviated kg H 2 SO 4 eq./tonne.

Appendix B: Samples Titrated
Total titrations performed: 113 (85 samples, 1 blank, 14 standards, 13 duplicates)
All duplicates have been averaged with their originals in this table. Histograms of
GAC values for each lithology are found in Figure B1, and Figure B2 shows the
distribution of titration results with depth for each section line. Figures B3-B9 contain
examples of each lithological type titrated.
Lithology and alteration
subtype
Shale
Plain

Dolomitic alteration

Samples titrated/sample
numbers
16
M1-171.8
CR M31 41.5-42.5
K70-25.5
K6-47A
K7-86.7A
CR M44 112-112.5
CR M44 118.5-120
D4-112
M8-45
M61-207.8C
K33-115.4A
D4-206.5B

K37-162.9A
M1-297.5M
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Formation

GAC, kg
H2SO4
eq./tonne

SDB
SDB
SDB
SDB
SDB
SDB
SDB
SDB
SDB
SDB
SDB
SDB
Average
Median
SDB
SDB

5.2
54.6
50.0
72.8
65.7
10.1
14.5
51.9
40.5
110.2
2.3
-31.7
37.2
45.2
350.5
419.0

Overall
GAC rating

Low

CR M61 210-211
K37-80

Chlorite-quartz-talc
Plain

Dolomitic alteration

Dolomite

4
K70-64.1
M1-204.5

K18-64
K37-196A

10
K6-87.4
D4-176G
CR K33 147.95-149
CR K33 149-150
CR M61 157-158
CR M61 154.5-155
CR M61 158.9-160
CR K19 117-118.25
CR M44 150.9-152.25
K6-79A

Laminated dolomite + clays
25
Unaltered
CR M31 65-66
D4-132.5
M61-102.5B
CR M61 104.95-106
Silicic alteration
CR K7 114-115
CR M61 97-98
CR M8 64.5-65.5
CR K69 43-44
CR M44 145-146
CR K70 52-53
M45-33.5E
CR M31 87.4-88
D4-182.5
CR M31 67.1-68.3
CR M8 68.5-70

Dolomitic alteration

CR K33 143-144
CR K19 109-110
K37-195A
D4-173.15
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SDB
CMN
Average
Median
DSt
DSt
DSt
Average
Median
DSt
DSt
Average
Median

390.2
288.6
362.1
370.3
32.5
91.1
61.8
61.8
700.9
501.3
601.1
551.2

DSt
DSt
DSt
DSt
DSt
DSt
RSF
DSt
DSt
RSF
Average
Median

514.4
708.8
448.7
645.4
596.6
665.8
676.8
780.2
613.6
601.3
625.2
629.5

RSF
DSt
RSF
DSt
Average
Median
RSF
RSF
RSF
RSF
RSF
RSF
DSt
DSt
RSF
DSt
RSF
Average
Median
RSF
RSF
DSt
DSt

-58.3
13.7
69.9
-15.4
2.4
-0.9
3.1
4.8
-3.3
-21.6
-6.4
1.6
-3.6
-11.6
32.1
76.2
-9.2
5.6
-3.3
215.1
215.1
288.9
508.3

Moderate

Low

High

High

Low

Low

D4-174
K6-82.9A

Silica+dolomite alteration

Silica [dolomite]

Silica[dol] +dolomite

Quartzose sandstone

Argillic sandstone
Unaltered

M61-166.9A
M1-274.9
CR M44 149-150

14
CR M31 102-103
CR M31 53-54
CR M45 55-56
D4-114.3
M61-89A
CR K70 48.5-50
CR K6 54-54.5
CR K7 100-101.5
CR M45 55-56
CR M8 62-63
CR M44 142-143
CR K7 112-112.6
CR M61 89-90
CR K6 65-66

8
CR M61 184-185
M1-296A
K33-116.5
K37-175.6A
CR K19 106-107
CR K33 128-129
CR M31 116-116.7
K6-76B

2
CR M8 79-80.5
CR K19 119-120.15

9
CR K7 123.2-124
CR K70 66.5-68
CR M44 155-155.5
CR M61 107.8-109
M31-69.4
CR M8 79-80.5
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DSt
RSF
Average
Median
RSF
RSF
RSF
Average
Median
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
Average
Median

543.8
325.1
349.4
307.0
151.1
143.7
195.6
163.4
151.1

RSC
RSC
RSC
RSC
RSC
RSC
RSC
RSC
Average
Median

84.1
220.2
243.6
847.5
305.3
512.0
388.2
293.6
361.8
299.5

RAT
RAT
Average
Median

3.5
161.8
82.7
82.7

RAT
RAT
RAT
RAT
RAT
RAT
Average

9.7
-28.0
22.9
-24.6
-47.5
3.5
-10.6

-32.8
-2.4
10.2
17.8
-42.1
-7.0
-19.3
12.7
10.2
16.6
21.9
-10.6
23.4
205.7
-0.1
10.2

Moderate

Lowmoderate

Low

Variable

Low

Low

Dolomitic alteration

Median
RAT
RAT
RAT
Average
Median

M31-86A
D4-171.3B
CR M61 152-153
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-10.5
109.9
335.5
157.1
200.8
157.1

Variable

Appendix C: GAC Value Estimation Method
1. Overview of methods
The method developed here to predict gangue acid consumption (GAC) values is
designed to link processing costs to lithology and alteration. With a few simple
observations of density, hardness, core condition, void spaces in the rock, and obvious
dolomite veins or crystals, a rough estimate of the GAC value can be made early on in
exploration.
In contrast to currently favored, assay-based estimations, basing a GAC value
prediction on lithology allows quick and flexible rough estimates to be made early in the
exploration process. It is usable anywhere the ore-hosting lithologies and alteration types
are found and is therefore extendable to other deposits in the Mines Series.
As discussed above, the ore-hosting rocks at Tenke-Fungurume comprise 12
different lithological types, of which eight are actual or potential ore hosts. Variations in
alteration style are considered subtypes, with the eight ore-hosting lithologies possessing
a total of 14 subtypes. Averages of GAC values were computed for each lithology and its
subtypes, with results tabulated in Appendix B and discussed below along with
guidelines for identification of lithologies and alteration types.
As shown by the histogram in Figure B1, the eight ore-hosting lithologies and
their subtypes are grouped into low (<100 kg/tonne), moderate (100-250 kg/tonne), high
(250-500 kg/tonne), and very high (>500 kg/tonne) average GAC values. The two
highest average GAC values for all of the lithologies and subtypes tested belong to the
relatively pure dolomite and the “mixed DStrat”, or chlorite-quartz-talc mixed with
dolomite. The next highest, on average, are the dolomite-added subtypes of laminated
shale-dolomite, shale, and silicified dolomite. Moderate values of average GAC occur in
the dolomite-added subtype of the RAT argillic sandstone and the dolomite- and silicaadded subtype of laminated shale-dolomite. Seven alteration subtypes have average
GAC values that are low: the undolomitized argillic sandstones, chlorite-quartz-talc, the
laminated shale-dolomite and its silicified subtype, quartzose sandstone, shale, and
silicified dolomite. The extrapolated GAC value for each of the samples of a particular
lithology and alteration type is found in the table in Appendix B.
2. Lithology
The following sections refer to Figure B1. Units of GAC values are given in kg
H 2 SO 4 equivalent per tonne of rock (kg/tonne), with moles H+ per kg rock (m/kg) in
parentheses.
a. Dolomite
Contrary to the implications of the name, the “dolomite” lithology is not always
pure dolomite. This lithology consists of finely laminated dolomites or shale-dolomite
rocks that have had so much dolomite added to them that they have acquired most of the
characteristics, and the range of GAC values, of laminated dolomites. Among these
characteristics are high density, laminated appearance, and moderate hardness. White
dolomite veins are common, and elliptical nodules and coarse dolomite rhombs, though
rarer, can be found in the DStrat. This type of core is normally well recovered by the
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drilling process and tends to be well preserved. It is a major ore host, particularly of
sulfides. Although color is not diagnostic, dolomite tends to be gray with comparatively
few iron oxides. It is found only at depths of >80 m below the land surface in the DStrat
and RSF; the types of dolomite found in the CMN and SDS are not ore hosts and have
not been considered here. Figure B3 shows examples of the dolomite lithology.
Ten samples of the dolomite lithology were titrated, with an average GAC value
extrapolated at 625.2 kg/tonne (12.8 m/kg) and a median GAC value of 629.5 kg/tonne
(12.8 m/kg). This lithology is largely responsible for the extreme high-GAC zone shown
in Figure B2.
b. Chlorite-quartz-talc, +/-dolomite
This highly distinctive lithology (Fig. B4) occurs only in the DStrat and has two
subtypes, differentiated from one another by the presence or absence of dolomite. The
subtype without dolomite is 45% chlorite, 45% very fine-grained quartz, and about 10%
talc. It is massive, unlaminated, and very soft, easily identifiable by its white color, and
tends not to be well preserved in core. It is rare for significant amounts of this lithology
to occur unmixed with dolomite; in fact, the only substantial preserved occurrence of the
chlorite-quartz-talc lithology without dolomite is a half-meter interval in drill hole
KASA0070. Two samples titrated yield an average GAC value of 61.8 kg/tonne (1.26
m/kg).
In its dolomite-added subtype, the chlorite-quartz-talc alternates with laminations
of dolomite. The color of the rock is still mostly white, though slight hematite staining
can be found near coarse dolomite crystals and green malachite laminations are common.
Dolomite in some intervals shows a “feathery” texture. Core preservation is better than
in the pure, dolomite-absent subtype, but core tends to break into fragments along the
chlorite-quartz-talc laminations, and a sufficiently high proportion of these laminations
can result in a core box full of rubble and clay powder. The average GAC value from
two samples titrated is 601.1 kg/tonne (12.3 m/kg) but is expected to vary based on the
proportions of dolomite and chlorite-quartz-talc.
Maps of the distribution of this lithology showed no consistent stratigraphic
relationship among the distribution of the two subtypes with one another or with other
lithologies in the DStrat. The only consistent distribution feature of the chlorite-quartztalc lithology is that the subtype with dolomite is restricted to >80m below the pre-mine
land surface. There appears to be no restriction on the occurrence of the chlorite-quartztalc without dolomite.
In summary, while the chlorite-quartz-talc lithology by itself consumes very little
acid, its tendency to be mixed with dolomite makes its presence significant in studies of
GAC values.
c. Laminated shale-dolomite
This lithology is one of the most complex. Its four subtypes include the basic
laminated shale-dolomite, not visibly altered, as well as subtypes that have been
silicified, dolomitized, and both. All four are found in the DStrat and RSF, but the only
feature they have in common is well-developed lamination. Figure B5 shows some of its
many possible variations in appearance.
The first subtype, the plain shale-dolomite with no visible alteration, is somewhat
difficult to characterize because it tends not to survive the drilling process very well. It is
fissile or breaks into fragments along laminae, and core boxes full of rubble and dirt in
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the RSF are a good indicator of this subtype. Its average GAC value, based on titration
of four samples, is 2.4 kg/tonne (0.1 m/kg), with a median value of -0.9 kg/tonne (-0.02
m/kg).
The second subtype is silicified and easy to identify. The core is very hard and
typically well preserved. Lines of small void spaces in the laminae are diagnostic of this
subtype and iron and copper oxides are common. Eleven titrated samples have an
average GAC value of 5.6 kg/tonne (0.1 m/kg) and median GAC value of -3.3 kg/tonne (0.1 m/kg).
The third subtype is dolomitized. Like the silicified variety, it tends to be hard
and well preserved, but is much denser and contains dolomite veins. Void spaces are
absent and the core, though hard, can be scratched. Coarse dolomite crystals, sometimes
“feathery” in appearance, are a diagnostic feature. Ore can be present, most commonly
as sulfides but also as oxides and carbonates. GAC values vary with the degree of
dolomitization; six samples titrated range from 215.0 kg/tonne (4.3 m/kg) to 543.8
kg/tonne (11.1 m/kg), average 349.4 kg/tonne (7.1 m/kg), and have a median GAC value
of 307.0 kg/tonne (6.3 m/kg).
The fourth subtype of laminated shale-dolomite has undergone both silica and
dolomite alteration. Distinguishing it from the silicified and dolomitized subtypes is
difficult, as it shares characteristics such as hardness, density, and vein type with both. It
commonly hosts oxide ores, particularly heterogenite, and is typically dominated by light
or white coloration. Its only diagnostic feature is the coexistence of silica and dolomite.
Three samples titrated show an average GAC value of 163.4 kg/tonne (3.3 m/kg) and a
median of 151.3 kg/tonne (3.1 m/kg).
The distribution of the four subtypes of laminated shale-dolomite follows no
discernible pattern. Observations made in Kansalawile suggest that silicification is
controlled by faults. The only restriction on the occurrence of the different subtypes is
the absence of dolomite close to the land surface.
d. Shale
In this study, shale and claystone are distinguished by lamination. Shale is welllaminated and comprised of clay minerals and muscovite, typically but not always
heavily stained by iron oxides. It is ubiquitous in the SDB, where it hosts considerable
amounts of ore, and is also found in the CMN and SDS, where it does not. Common
features include contortion of laminae, abundant iron oxides, and small quartz “eyes”.
The shale lithology has two subtypes: shale with dolomite veins and shale without
dolomite veins. The former, in addition to having obvious dolomite, is harder and denser
than the latter, is not fissile, and tends to be well preserved in the core. Shale without
dolomite veins is much more fissile and core of this variety is in much worse condition.
Muscovite and iron oxides are found in both subtypes, and the presence of dolomite is the
only distinguishing feature.
As might be expected, the distribution of GAC values in shale is bimodal.
Twelve samples of the shale without dolomite were titrated, yielding an average
extrapolated GAC value of 37.2 kg/tonne (0.8 m/kg) and a median of 45.2 kg/tonne (0.9
m/kg). Four samples of shale with dolomite average 362.1 kg/tonne (7.4 m/kg) and have
a median GAC value of 370.3 kg/tonne (7.6 m/kg).
The distribution of the dolomite-bearing subtype is restricted to depths below the
near-surface dolomite-absent zone in the cross-sections. When present, dolomite is
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pervasive: core intervals of SDB generally contain one subtype or the other but not both.
Figure B6 shows examples of shale with and without dolomite.
e. Silica [dolomite], no dolomite
This lithology (Fig. B7) of silica replacing dolomite with no dolomite is peculiar
to the RSC and consists entirely of silica and iron oxides with erratic local patches of
very high malachite concentration. Besides its high hardness and light color, this
lithology is distinguished by the presence of large (<5 cm) void spaces, some of them
lined or partially filled by iron or copper oxides. Where iron oxides are particularly
plentiful, the core can be reduced to goethite-stained quartz sand, but in general this rock
type withstands drilling very well. Thirteen samples analyzed have an average GAC
values of -0.1 kg/tonne (0 m/kg) and a median of 10.2 kg/tonne (0.2 m/kg). As expected
for a rock with low dolomite, GAC values are extremely low.
f. Silica [dolomite] + dolomite
Also unique to the RSC, this silicified dolomite in which dolomite persists is easy
to tell from the completely silicified, dolomite-absent variety. Rock with dolomite is
denser than rock without it and lacks the large void spaces. Metal oxides may still be
present but are not as abundant as in the dolomite-absent silica; sulfide ores can occur.
Diagnostic features of this lithology include coarse dolomite crystals and areas of mixed
dolomite and silica with a peculiar dark bluish color. The textural relationships of silica
and dolomite tend to be complex and provide a distinctive means of identification. Core
is generally well preserved and does not have the tendency of the dolomite-absent silica
to be ground into goethite-stained quartz sand. Figure B8 shows examples of dolomitebearing silicified dolomite.
The GAC values of this lithology vary with its dolomite content. Eight samples
were titrated, averaging 361.8 kg/tonne (7.4 m/kg). The median value is 299.5 kg/tonne
(6.1 m/kg). However, these values are slightly skewed by the presence of an outlier at
847 kg/tonne (17.3 m/kg), which is thought to represent an unusually high-dolomite
sample. In most of the core observed with this lithology, the dolomite is substantially
less abundant than the silica, and the GAC value would be correspondingly less. With
this outlier eliminated, the average GAC of the other seven samples dropped to 292.4
kg/tonne (6.0 m/kg), with a median of 293.6 kg/tonne (6.0 m/kg).
g. Argillic sandstone
This lithology, occurring at the top of the RAT, is dominated by chlorite, in which
some fine quartz grains can be distinguished. Malachite can be present in economic
quantities. Distinguishing characteristics are softness (easily scratched with a fingernail)
and color, which ranges from gray to greenish-brown (Fig. B9). Two subtypes were
identified, differing from each other only by the presence or absence of dolomite veins,
which are white or white and red and easy to identify.
Titrations revealed a bimodal distribution of GAC, corresponding to the division
between dolomite-veined and ordinary subtypes. Six samples of the latter average -10.6
kg/tonne (-0.2 m/kg) with a median value of -10.5 kg/tonne (-0.2 m/kg), whereas three
samples of the former, with dolomite veins, have an average GAC value of 200.8
kg/tonne (4.1 m/kg) and a median GAC of 157.1 kg/tonne (3.2 m/kg). It is expected that
the GAC value of the dolomite-veined subtype will vary somewhat depending on the
abundance of dolomite veins.
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h. Quartzose sandstone
There are several different types of quartzose sandstone in the CMN and SDS,
most commonly cemented by clays and/or dolomite. These do not host ore and are more
or less unimportant. However, a version of it is also found in a few places in the upper
RAT and can host oxide ores. Sandstones at Tenke-Fungurume are comprised of quartz
grains in a clay matrix and, depending on location, may or may not contain dolomite. It
is distinguished from the RAT argillic sandstone by its medium-coarse quartz grains and
relatively incohesive clay matrix, which tends to result in poor preservation of core.
Due to its comparative unimportance as an ore host, only two samples of the
sandstone were titrated, with GAC values of 3.5 kg/tonne (0.1 m/kg) and 161.8 kg/tonne
(3.3 m/kg). The first sample was taken from a sandstone occurrence without dolomite,
the second from a sandstone layer in which some dolomite was observed.
3. Other useful estimation criteria
Even after the lithology of the rock has been identified, determining its dolomite
content can remain a problem. The following are useful criteria for indicating the
presence or absence of dolomite in core.
Core density
Core recovery/condition
Void spaces
Dolomite nodules, veins, and rhombs
1. Dolomite is a dense mineral (2.86 g/cc), and high-dolomite core is heavy for its
size. The difference in density with quartz (2.65 g/cc) is enough to be noticeable, making
core density one of the most reliable indications of dolomitic alteration in the Mines
Series. The density added by dolomite is commonly supplemented by the presence of
even denser sulfides.
2. Dolomite acts as cement for clay-dominated rocks, particularly the shales of the
RSF and SDB. Without dolomite, core from these shale units is commonly poorly
recovered, can be easily scratched with a fingernail, and is fissile along clay laminations.
Core with dolomite added is usually much better recovered, harder, and forms long, solid
chunks of core instead of splitting along laminations. With respect to processing costs, a
core box full of powder can actually be a good sign.
3. Void spaces are left behind when dolomite has been removed from the rock, a
feature particularly noticeable in the RSC but also useful in the RSF. In the RSC, void
spaces are large (<5cm) and irregular in shape, may be lined with iron, manganese, or
copper oxides and can contain traces of reticulated silica (Fig. 9g-9h). In the RSF, void
spaces are smaller (<1cm) and occur in rows within the laminations (Fig. 9e-9f). They
are indicative of high silica and low dolomite.
4. Most obviously, the presence of dolomite in nodules, veins, or crystals
indicates that dolomite has been added to the rock, and the GAC value will be
correspondingly higher. Added dolomite appears as crystals in the RSC, as nodules in the
DStrat, and as veins in all Mines Series formations.
In summary, high-dolomite rocks can be identified by their high density, good
core recovery, the lack of void spaces, and the presence of dolomite crystals, nodules, or
veins. Low-dolomite rocks tend to be less dense, less well recovered, and in poorer
condition. They may contain void spaces where dolomite has been removed. Other
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qualities investigated, such as color and iron oxide type and abundance, were not found to
be reliable indicators of the presence of dolomite or of the amount of acid the rock may
consume.
Once the lithology has been identified and the existence and extent of dolomitic
alteration has been ascertained, comparison with the average and median GAC values in
the table in Appendix B will yield a prediction of probable GAC values. It should be
stressed that this method is designed only to estimate GAC, not to pinpoint it, and that
exact predictions are beyond its scope. It is best used for assessing whether GAC will be
high, low, or moderate, and for attaching a range of likely values to it.
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