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Abstract

The Neoproterozoic central African Copperbelt is one of the greatest sediment-hosted stratiform Cu-Co provinces in the world, total-
ling 140 Mt copper and 6 Mt cobalt and including several world-class deposits { = 10 Mt copper). The orgin of Cu-Co mineralisation in
this province remains speculative, with the debate centred around syngenetic-diagenetic and hydrothermal-diagenetic hy potheses.

The regional distribution of metals indicates that most of the cobalt-rich copper deposits are hosted in dolomites and dolomitic shales
forming allochthonous units exposed in Congo and known as Congolese facies of the Katangan sedimentary succession (average
CoCu = 1:13). The highest Co:Cu ratio (up to 3:1) occurs in ore deposits located along the southern structural block of the Lufilian
Arc. The predominantly siliciclastic Zambian facies, exposed in Zambia and in SE Congo, forms para-autochthonous sedimentary units
hosting ore deposits characterized by lower a Co:Cu ratio (average 1:57). Transitional lithofacies in Zambia (e.g. Baluba, Mindola) and
in Congo (e.g. Lubembe) indicate a gradual transition in the Katangan basin during the deposition of laterally cormrelative clastic and
carbonate sedimentary rocks exposed in Zambia and in Congo, and are marked by Co:Cu ratics in the range 1:15.

The main Cu-Co orebodies occur at the base of the Mines/Musoshi Subgroup, which is characterized by evaporitic intertidal-supra-
tidal sedimentary rocks. All additional lenticular orebodies known in the upper part of the Mines/Musoshi Subgroup are hosted in
similar sedimentary rocks, suggesting highly favourable conditions for the ore genesis in particular sedimentary environments. Pre-
lithification sedimentary structures affecting disseminated sulphides indicate that metals were deposited before compaction and consol-
idation of the host sediment.

The ore parageneses indicate several generations of sulphides marking syngenetic, early diagenetic and late diagenetic processes.
Sulphur isotopic data on sulphides suggest the derivation of sulphur essentially from the bacterial reduction of seawater sulphates.
The mineralizing brines were generated from sea water in sabkhas or hypersaline lagoons during the deposition of the host rocks.
Changes of Eh-pH and salinity probably were critical for concentrating copper-cobalt and nickel mineralisation. Com pressional tectonic
and related metamorphic processes and supergene enrichment have played variable roles in the remobilisation and upgrading of the
primary mineralisation.

There is no evidence to support models assuming that metals originated from: (1) Katangan igneous rocks and related hydrothermal
processes or; (2) leaching of red beds underlying the orebodies. The metal sources are pre-Katangan continental rocks, especially the
Palagoproterozoic low-grade porphyry copper deposits known in the Bangweulu block and subsidiary Cu-Co-Ni deposits/occurrences
in the Archaean rocks of the Zimbabwe craton. These two sources contain low grade ore deposits portraving the peculiar metal asso-
ciation {Cu, Co, Ni, U, Cr, Au, Ag, PGE) recorded in the Katangan sediment-hosted ore deposits. Metals were transported into the
basin dissolved in water.

The stratiform deposits of Congo and Zambia display features indicating that syngenetic and early diagenetic processes controlled the
formation of the Neoproterczoic Copperbelt of central Africa.
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1. Introdusction

The Meoproterozoic Katamgan Copperbelt of central
Africa stretches on hoth sides of the border between
Lambia and Democratic Republic of Congo ( DRC; hemeaf-
ter Congo ). It hosts one of the worlds greatest concentra-
tion of stratiform  copper-cobalt deposits, reprsenting
mare than halt of the world's mineable cobalt and includes
waorld-class Cu—Co deposits, e.g. Kolwer, Tenke- Fungur-
ume, Konkola-Chililabombwe, MNchanga, MWkana, Muful-
ira, each containing =10 Mt copper. Total copper hosted
in the Eoatangan bazin of <cemtral Africa iz claze to
200 Mt it sub-economic (Cu 2= 1wt ocourrences are in-
chided (data from Ceécamines Mining Company for DRC
and from Freeman, 1988 for Zambia). Copper and cobalt
are associated with iron, and sometimes with anomalous
concentrations of other metals {eg. ™Ni, U, Ag, Au,
PGiM, 5e, Mo, ¥, Te, As, Th). The ore & mainly made
of diseminated sulphides forming stratiform orcbodies
hosted in fine-grained siliciclastic or dolomitic sedimentary
rocks.

Kince the discovery of the Copperbelt in the early 1900s,
aeveral metallogenic hypotheses were proposed to explain
the primary source «of metals and the mineralisation pro-
cess, The historical review of these genetic theories is given
in Sweeney et al. (19%%]1a k) and Sweeney and Binda (1994)
for the Zambian Copperbelt. The epigenctic hypothesis
suggests the introduction of hydrothermal mineralizing
solutions after the deposition, ithification and deep burial
of sediments. In this model, the hydrothermal Auids are
supposed to originate from the emplacement of granite—
granodiorite-tonalite bodies in the Copperbelt (Gray,
192%; Dawidson, 19%31; Jackson, 1932; Thoreau and du
Tricu de Terdonck, 1932, Dernks and Yacs, 193 Derriks
and Oosterbosch, 1958 Darmley, 1960; Vaes, 19%62), The
existence of minor sulphide veins or veinlets within a fow
sediment-hosted copper deposits in Zamleia (e.g. Mehanga)
and in Congo (e.g. Shinkolobwe) and within a few Zam-
bhian granites was taken as a suppaort for this interpretation.
However, an unconformable erosional contact occurs be-
twoen the granitoids and the overlying Katangan sedimen-
tary sucoession in Zambia (Garlick, 196 1a; Binda, 1972)
This & supported by U-Pb zicon geochronological data
(Armstrong et al., 1994 Rainaud et al, 19%9% De Waclke
and Mapani, 2002 ) indicating that the granitoids exposed
in the Copperbelt and surrounding amras are older than
the Katangan sedinwentary succession, isc. Palasoprotero-
zoic (2005165 Ga), Mesoproterozoic  (predomvinantly
L0510 Ca) ar early MNeoproterogaic, c.g. O88Ca for
the Mchanga granite which iz unconformably overlain by
the oldest Katangan sedimentary rocks.

Emerging in the 1%3(s, the syngenctic theory linked the
depoation of metals to the deposttion af host-sediments

(Schneiderhéhn, 1931, 1932, 1937; Garlick, 19435, 1%61h,
1967, 19835, Metals weme sourced from continental erosion
and transported in solition by rivers to the sedimentary
depocentmes, Ore sulphide precipitation oeocurred in reduc-
ing sta gnant water under high bacterial activity and decom-
position of organic matter. This hypothesis was based o
(1) the existence of sulphide zonal distribution parallel to
the palaca-shorelines inferred to mark marine tra nsgres-
sion-regression events; (2) the coincidence between the
paolarity of the sulphide zonation and the sedimentary pal-
acocurrent directions. However, the lack of a systematic
carrelation hetween all transoressiveregressive svents and
lateralfvertical zonation of sulphides, and the discontinuity
of the mineralization within a single lithostratigraphic unit
invalidatesd this model {eg. Annels, 1974 Renfro, 1974;
Sweeney and Binda, 1994).

Studies related to diagenetic processcs in sedimentary
rocks triggered the diagenetic mmodel for the central African
copper orchodies. Two sulphide generations were docu-
mented in the orebodies: (1) the earliest copper—{cobalt)-
sulphide generation (hereafter sulphide 1) grew during the
depoation and the early diagenetic stage of the host-sedi-
ments; (23 the second copper={cobalt =sulphide generation
was inferred to forom during a large scale chemical reaction
between the host-sediment interstitial water and a metal-
bhearing brine (Bartholomé, 1962, 1963, 1964, 1974,
Bartholomee et al., 1972, However, the model does naot ad-
dress the arigin of solutions, the primary source of metals,
and the exact timing of mineralization (early, late diagene-
zis). These unknowns led to a hydrothermal-diagenetic
maodel linking the mineralizing fluids to late dia genctic
hydrothermal thids of undefined ongin { Cluzel and Guil-
lonm, 1986) or origimating fromn mafic igneous rocks or rift
related processes (Anncls, 1974, 1979, 1989 Anncls and
Rimmonds, 1984; Lefebvre, 198% Unrug, 1988).

Cailbeux et al. (1%M) showed that stratiform copper—
cobalt orchodies i fambia and Congo are hosted in
laterally zomelative formationes (Table 1), Therefare, the
aim of this paper 5 to eview data from both countries
showing striking similarities between  Congo-type and
Lambia-type deposits, and allowing us to further co nstrain
the mineralizing processes,

2. Geological setting

The Meoproterozaoic Katangan belt forms a north-direc-
ted thrust-and-fold arc, called the “Lufilian Arc”, located
between the Congo and Kalahari cratons (Fig. 1) It is
maore than 130 km wide and stretches for 700 km from
Mwinilinga in the west (e.g. Brock, 19651 Steven, 2000,
to Kolwezi in the northwest, up to Luanshya (previously
Foan Antelope) and Lonshi in the southeast of the
belt (Fig. 2). It 15 commonly assumed that this copper
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Fig. I. Location of the central African Copperhelt hetaeen the Conga
and Kahhar catons.

metallogenic province 8 bounded by the Mwembeshi Dis
lacation Lone, but ongoing investigations (IGCP-302 and
450 projects) suggest that it possibly forms a vast copper
metallogenic provinee extending into the Zambezi belt to
the east, and linking southwestwards (Fig. 1) with the Kal-
ahari Copperbelt of Botswana (Ghanzi-Chobe belt) and
Mamibia (Damara/Ctavi belt).

The Katangan supracrusal sedimentary succession is
~ 510 km thick and commaonly sub-divided into three ma-
jor lithostratigraphic units { Frangois, 1974, 19%935): Roan,
MNeguba and Kundelungu Groups (Tahle 1) The Roan
Giroup is made up of siliciclastic and carbonate sedimen-
tary rocks (Huwiatile and lacustrine sediments; Bufiard,
198 E; Cailteux, 19%4; Cailtews et al., 1994}, and voleanic
and plutonic mafic rocks emplaced in a continental rift
{ Kampurzu et al., 2000 and references therein). The Mguba
supracrustal assemblage s made up of siliciclastic and car-
bonate sedimentary rocks ( Frangaois, 1974; Buffard, 1988)
and includes matic igneous rocks emplaced in a proto-ooe-
anic rift similar to the Red Sea (Kampunzu et al., 1991,
19%3; Manteka et al., 1985; Kapenda et al., 19%98). Kunde-
lungu sedimentary rocks represent syn- to post-orogenic
sedimentary deposits (Rampureu and Cailteus, 1999,
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Fig. . Locagon of the mam stratifarm Cu-Co deposits in the central Afnican Copperhelt (KA = Kafue Anticlnel; modified from Frangois (1974) and

Cadhteus | 1994).
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The tabularshaped Kundelungu is a continental clastic
molasse ssquence extending into the lower Palacozoic
(Kampureu and Cailteux, 199%) The Katangan basin
closed during the Lufilian Orogeny lkeading to the develop-
ment of predominantly north-verging folds, thrusts and
nappes. In Congo, all exposed Foan (except Faor the MNzilo
basal conglomerate), Mguba and folded Eundehmgu
(excluding tabular Kundelungu) sedimentary rocks are
part of allochthomows tectonic sheets. The Mwashya Sub-
group rocks comformably overly the lowest Foan rocks
(Cailteux et al., 19%94), and are conformably overlain by
the Cirand Conglomérat (Tahle 1).

Grngjenschi (1979 and Wendorff (2000a) interpreted
oocurrences of megabroccia in the Ratangan sucoession
as sedimentary syntectonic conglomerates (olistostromes),
and Wendorff ( 2000b) further gquestioned the lithostrati-
graphic sucoession of the Roan Group. Although the exis-
tenoe of synorogenic sedimentary rocks in the Katangan is
nmat a matter of debate (cf, Grujenschi, 19749 ), several claims
im Wendaorff (2000k) are not supported by available data
(g, Cailteux et al., this volume ; K ampunzu et al., this vol-
ume ). In all cases, the debate on the lithostratigraphy of the
Katangan is outside the objectives of this paper, and only
the common lthostratigmphic position of the Mines
Subgroup ard related ore deposits is discussed further here
below.

The stratiform Copperbelt  copper-cobalt  orebodies
oocur in the Faoan Group (e in Mines and Mwashya
Subgroups; Table 1). The Roan Group sedimentary rocks
display a regional lateral variation of facies between Lam-
bia-type and Congo-type successions, In fambia and S5E
Congo, deposits are mainly hosted in para-autocht honous
siliciclastic rocks close to hasemnent terrains. The main ore
deposits detne two pamllel trends, north-east and south-
west of the Katue anticline (Fig. 2). The known deposits
which lie off these two trends (eg. Western provinee in
HLambia) are assumed to be of smaller sconomic impaor-
tance (Freeman, 1988a), although this could be a conclu-
sion biased by inappropriate exploration coverage of this
area.

The lowest Foan fwvatilbe sedimentary rocks rest
unconformably on the pre-Katangan basement (Mendel-
sohn, 1%61a; Binda and Mulgrew, 1974). In Congo, Cu-
Co deposits and their host rocks define thrust sheets,
nappes and klippen formed during the Lufilian Orogeny
{ Demesmacker et al, 19%63; Cailteux and  Kampunmu,
195 Kampurzu and Cailtewx, 199, The dominant
lithological units are dolomites and dolomitic shales
{ Oosterbosch, 1962; Demesmacker et al, 1963; Frangais,
1974, 1987; Cailteux, 1994).

The lowest formations of the Foan Group (BAT.—
“Roches Argilo-Talquenses”—and Mindola  Subgroups;
Table 1) were deposited i an oxic environment. In
Lambia, the Mindola Subgroup includes (Binda, 1954
Cailteux et al., 1%%; Tshiauka et al, 1995 a scree-type
boulder conglomerate at the base (Chimfunsi Formation ),
tollowed by acolian guartzites (Kafufya Formation) and

by immature braided streamy/alluvial fan conglomerates,
arkoses and upward-fining sandstone sequences | Mutonda
Formation). In Congo, the base of the R.A T, Subgroup
iz unknown { Frangois, 1974 ), but a boulder conglomerate,
probably correlative of the Chimfunsi Fornmation, ocours
at MNazlo above the Kiharan bhasement. BLAT. sedi
mentary rocks, laterally cormlative of the Mutonda
Formation {Cailteux et al., 19%4), inchide red chlorite-
rich dolomitic siltstones, dolomitic fine-grained sand-
stones, silty dolostones and  dolomitic slty chloritites
(Oosterbosch, 1950; Katckesha, 1975 Cailteux, 1%78a,
1983, 19494).

Wendorfi (Z000b) claims that Fed and Grey RLAT. are
syn-orogenic sedimentary rocks younger than the REoan
Grroup and deposited in the K atangan foreland hasin after
the deposition of the Mguka Ciroup. However, field obser-
vations and geochemical data invalidate this interpretation
(Cailteux et al, this volime; Kampunzu et al, this vol-
ume ). Furthermore, the same author suggested that the
Nalo conglomerate is part «of the Mwashya Subgroup,
but there is no field evidence supporting this interpretation
(e.g. Byamungu et al., 197% Pdadi, 19835).

Musoshi (Zambia) and Mines (Congo) Subgroups
{Table 2) represent a transgressive succession deposited in
a reducing evaporitic environment. They inchyde a sucoss-
sion of amnites, alty-sandy argillites and shales exposed
narth of the K atue *Anticline” (Zamhia), dolomitic shales
and dolomites in Congo and south of the Katue *Anti-
cline” in Zam'hia ( Bartholomed et al, 1972; Annels, 1974;
Binda and Mulgrew, 1974; Cailteux, 1978, 19%%4; Cailteux
etoal., 19%4; Tzhiauka et al., 19%35). A carbonate unit marks
the top aof the laterally correlative mineralised successions
in Congo and Zambia. The copper—cobalt anehodies ocour
in the lower part of these successions and the stratiform
mineralization was deposited before the Lufilian compres-
zional tectonics both in Congo and Lambia, az shown by
tolds and thrusts affecting the orebodies (Crarlick, 1940;
Reynolds, 1954, Mendelsohn, 1%61c; Demesmacker et al.,
1963; Frangois, 1%73; Katekesha, 1975 Cailteux, 1983;
Cailteux and Kampunzu, 19495).

The laterally correlative Kirlabombwe (Zambia) and
Dipeta (Congo) Subgroups display strong simnilarities, e.g.
the lithological succession includes arkoses, conglomerates,
siltstones, doloemitic shales, dolomites, and these lithologies
show a similar succession. The Mwashya Subgroup is char-
acterized by plattorm carbonates in the Lower Mwashya,
grading to more open marine dolomitic shales, hlack shaks
or sandstones in the Upper Mwashya, Gabbros intruding
the Upper Roan/Dipeta formations {but not the Mwashya
Subgroup) and mafic lavas and pyroclastic mocks in the
Lower Mwashya belong to a single syn-Lower Mwashya
igneous event (Rampunzu ot al., 2000 and references there-
in)dated at 76l = 5 Ma by U-Ph SHRIMP technique (Key
et al., 2001 ). The upper Mwashya & overlain by a glacial
diamictite, called *Girand Conglomérat™ which starts the
MNeguba scoession (Cahen, 1954; Binda and Van Eden,
1972).
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Tahle I

Lithosmatigraphy of the Mines Subgroup m Congo (modified from Frango & ( 1987) and Caihteus ( 1994])
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3. Lithostratigraphic control of copper—oohalt ores

Major primary deposits and most primary copper accur-
rences are stratigraphically controlled (Tables 1, 2, i
they ooour in the Kamaoto Dolomite and Dolomitic Shales
Fomuations of the Mines Subgroup in Congo (Oos-
terbosch, 1962; Cailtews, 1% and references therein),
and in lateral correlative units known as the Ore Shale For-
mation (Binda and Mulgrew, 1974; Cailtews et al., 19494) at
the base of the Musoshi Subgroup in Lambia. Within these
lithostratigraphic units, the orebodies extend for hundreds
of metres (e.g. Kakanda-MNord; Fig. 3) to several kilometmes
(e.g. Dikuluwe-Mashamba at Kolwez; Luanshya in
Lambia) along strike, except where they are interrupted
by compressional structures related to the Lufilian orogeny

(Demesmacker et al., 1963; Kampunmu and Cailteux,
194 ). The lateral variation of sulphides in the arebodies
shows copper-rich zones grading into copper-poar zones
and to pyritic-harren zones; e.g. Kambove-Ouest (Cailtensx,
14983, 1986, 19%4) and Mchanga (McKinon and Smit,
1961 ).

Some Cu few Co) primary sulphide mineralizations oc-
cur in the Mwashya Subgroup in Congo, and also am
stratigraphically controlled in dolomites of the Lower
Mwashya.

A1 Mineg Subgroup Congo-i ype deposits

The Congo-type stratiform deposits stretch from Kol-
wiezl up to Kimpe (Fig. 2) and are generally characterized
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Fig. 3. Kakanda-Mord: dsmibuton of Cuand Co average concentrations
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by two major Cu—Co orchodies, the “lower™ and “upper”™
archoadies, tatalling - 1555 m cumulative thiclress (aver-
age: ~20-25 m). The mineralisation is hosted in a transgres-
sive supratidal to subtidal sedimentary sequence deposited
under quict, shallow-water conditions { Bartholomé et al.,
1972; Cailteux, 197Ha, 1983, 19%4). The host rocks contain
blebs, nodules and lenticular beds of dolomite-guartz
pacudomorphs atter anhydrite and gypaum, and high con-
tents of Mg, Ba, Sr, Li, B, Brcan be linked to the deposition
of sediments under saline evaporitic conditions { Bartho-
lomé et al., 1972 ; Katekesha, 1975; Cailtews, 1%97Ha, 1983,
194d; Moine ot al., 1986),

The lower arcbody host-rocks include (Tablk 2): (1) a
masive chlontic—dolomitic siltite known as Grey RLAT.
("Roches Argilo-Talgueuses™); (2) a fine-gmained stratified
dalostone (D Strat. “Daolomie Stratibée™); (2) silicified-
stromatolitic-dolomites  forming  laminites  alternating
with thin chloritic—dolomitic silty beds (RS F, "Roches
Hilicewses Feuilletées™). The Upper Orebody host-rocks
imclude (Table 23: (1) the hasal Dolomitic Shales (5.D.8.,
“Hhales Dolomitiques de Base™ also called 5.2 1a); (2) an
overlying coame grained impure dolostone (BAOUME.,
“Hlack Ore Mineralised Zone™ alo called 5.12.10) which
1= sometimes missing in the sucozssion (e.g. in the Rambove
arca). A genemally “harren” reef-type stromatolitic dolomite
(RS, "Roches Siliccuses Cellulaires™) pocus between
the two orchodies. Ores are known on (L4-1.0m thickness
along the contact between this reel dolomite and both lower
and upper orchodies. The chloritic-silty-dolomitic lenses or
layers locally interbedded within the R.5.C. are also minera-
lized (e.g. Kamato). In some deposits {eg. Kambovwe-
(rest), the primary stratiform mineralisation extends to
the overlying carbonaceous dolomitic shales 5.10.2a, up to
the hase af the 5.12.2h. The organic matter content is vari-
able, generally low, although local high contents have led
to the development of black shales and dolomites in
FLASF.-RL5.C-5 D08 units (Cailtews, 1983)

The Congo-type mineralised succession is very regu-
lar along strike { Fig. 2), showing the same lithological suc-

cession for =350 km, from Kohvezi (Demesmacker et al.,
1963 ; Frangois, 1973; Katckesha, 1975), to Tenke-Fungur-
ume (Oostertsosch, 1930,  1951), Kambove-Kakanda
(Cailteux, 1%78a, 1983), Kabalela {Lefebvre, 1976ab),
Etoilke (Lefebwre and Cailteux, 1975 and Lubembe
{ Lefebwre and Tshiauka, 1986; Tshiauka etal., 19951 How-
ever, there is a clear across-stnke lithotacies variation mark-
ing a progressive evolution from maore near-shore (north) to
mare reefal (south) environments (Frangois, 1973, 1974
Lefebwre, 19749 Cailteux, 1978, 1983, 1994). Thiz palaco-
ermvironmental variation seems to correlate with different
capper—cobalt grades in the rocks { Frangois, 1973, 1974,
and details below). The northern (present coordinates)
near-shore sequences (“Long” and “Kilamusembu™ facies)
are characterized by the absence of stromatolites, the occur-
rence of dolomites andarenites in the Daolomitic Shales For-
mation and of arenites in the Kambove Formation. In these
two sequences, the lithostratigraphic units usually hosting
the orchodies ate barren or poody mineralised (e.g. Dipeta
Svncline between Tenke and Fungurums), sucept in the
Tenke deposit. The Kilamusembu facies occurs only in
the Kolwezi amea and represents a transitiomal facies be-
twoen Long ard Musonoi facies. The southe m sequences
(“Muzonoi” and “EKalumbwe™ facies) are marked by: (a)
clsts of stromatolites; (b)) stromatolites in R.5.C () lack
of arenites in Dolomitic Shales and Kambove Forma-
tions, There are no dolomites in the Kalhimbwe facies
Daolomitic Shales Formation (e.g. Kakanda-Mord). This se-
quence hosts the most important copper-co’halt deposits
(e.g. Kamoto, Fungurume), with only a few barren or
poorly mmeralized zones. The southernmost reel sequence
(“Menda™ and “Luishia™ facies) is marked by algal hio-
hermsin BL5.C. and in the Kambove Formation. The litho-
stratigraphic units usually hosting the orehodies are barren
or poorly to well mineralised je.g. Kamhbove-Ouest,
Luishia, Luiswizhi).

Sub-cconomic ombodies (generally <1 wt'™ Cu) and
small economic deposits (locally =2 wt.M Cu) ocour in
dark-grey to black carbonaceous metapelites forming the
5.12.2d and 3b (Figs. 4 and 5; Table 2). However, the met-
als in these units are strictly bound to thin organic matter-
rich horizons indicating deposition under strong reducing
conditions.

Other economic to sub-cconomic Cu—Co mineralisa-
tions in the Menda and Luishia facies (e.g. Kambove-Uh-
est, Luishia, Luswishi) are hosted stratigraphically higher
up, in the Rambove Formation (upper part <f the Mines
Subgroup), i.e. S0-100 m above the classcal upper orebhody
described above (Tables 1, 2; Figs. 4, 5). For darity, the
small arehodies in the Kambove Formation will be called
globally the third Congo-type orebody in this paper. The
stratiform disseminated sulphides of this third orebody
(420 m thick, 10-100m long bodies) are hosted in tidal
and reet lithologies similar to the host rocks in the lower
and upper orchodies (Cailteux, 1978h, 1986, 19%94).
Howewver, the host rocks are this time part of a regressive
sequence. A meajor point fromn these data i that Cu-—Co
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Fig. 4. Crossesection X 90 E through the Kambove-Onest deposit and Roan breacia helow the oxidized sone (modified from Cailteus, 1953
KETO = Kamoto Formation, 30= Dolomitc Shal Formation, KVE = Kambove Formaton; B AT. = Raches Argilo-Talueuses.

ore depozits i the central Africa Copperbelt are closely
linked to tidal and reef sedimentation.

3.2, Musoski Subgroup Zambia-type deposiis

The Lamhia-type deposits are characterized by one or
several orehodies, called *Ore Shale”, and hosted in the
Ore Shale Formation (Darnley, 1960; Mendelsohn, 196 1c;
Ciarlick, 1961k Garlick and Fleischer, 1972 Van Eden
and Binda, 1972; Cailteux, 1973; Amnels, 1974; Binda and
Mulgrew, 1974; Clemmey, 1974; ¥Van Eden, 1974; Cailteux
and Lefetwre, 1975) The Ore Shale Formation & a sedi-
mentary unit ranging in lithology from guartzo-feldspathic
wacke | Mufulira) to silistone (e.g. Konkola, Chambishi),
to finely laminated argillite (e.g. Wkana) and to shaley or
siliceous dolomite (e.g. Baliba, Muliashi South) (Binda
and Mulgrew, 1974; Binda, 19%4). The Musoshi Subgroup
includes also lithologies (e.g. Mchanga, Mkana, Mululira,
Baluba, Mindaola) tramsitional to those of the Congo-type
lower and upper orchodies (Cailteux et al, 19%4; Binda,
19471 The lack of a reet sedimentary package in the
Lambian orchody marks the predominantly clastic sedi-
mentation in the Zambia-type Foan sequence. However,
several reef ocourrences were described or mentioned
{e.g. Mufulim, Pitanda/NW and RKitwe/SE ades of
the Chambishi-Mkana hasin, Luanshya; Malan, 196
Clemmey, 1974). The Ore Shale Formation iz marked by
evaporitic conditions, as shown by preserved blebs and
heds af anhydnte (Brandt et al., 1961; Annels, 1974; Clem-
mey, 1974, and by tidal flatSubtidal regressive and trans-
gressive sequences grading into stromatolitic carbonates
(e.g. Kitwe; Clemmey, 1974).

The Ore Shale includes one (e.g. Musoshi-Konkala,
Mkana; Jordaan, 1961; Schwellnus, 1961; Cailteux, 1973)
or several orchodies separated by harren (<1 wi % Cu) or
low grade { 1-1.5 wt."s Cu ) mineralized beds (e.g. Mchanga
and Mchanga-Wes orehodies; Lower and Upper Orebod-
ies at Luamshya; A, B, © Orebodies at Mufulira and
Mlimbula; Brandt et al., 19%61; McKinon and Smit, 1961,
Mendelsohn, 1961d; Smit, 1%61; Freeman, 1988h). The
Ore Shale cumulative thickness is 5-30m (average:
20-25m), i.e. of the same order as the cumulative thickness
of arechodies in the Congo-type deposits. Sulphides ocour
along fomsets of cross-hedding, within troughs of ripples
and along shale laminae; eromonal chammels interrupt min-
cralised beds; ore and its host-rocks display sedimentary
deformation structures such as slumping or compaction
cracks (Crarlick, 1961k}, Evaporitic conditions are sup-
ported by preserved blebs and beds of anhydrite (Brandt
et al, 1961; Amnek, 1974). Clemmey (1974) documented
a strong relation betwesn mineralization trends and the
sedimentary context at Kitwe: (1) capper grades are highest
toward the inferred palaco-land and decrease away from it;
(2) the alignment of copper grades & in shoots parallel to
deducted ebb and flood tidal directions; (3) copper grades
are controlled by facies distribution.

Lenticular guartzites, feldspathic quarizites, and dolo-
mitic argillite in the hangingwall host a few small copper
mineralisations forming the topmost orehodies, including
The Feldspathic Quartzite (T.F.0).) at Nchanga and the
weakly mineralised Glassy Quartzite at Mutulira (Binda
and Mulgrew, 1974 ). These may be potential Zambian cor-
relatives of the third orebody hosted in the Kambove For-
mation i the Congo-type deposits,
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Several ore pocurrences or deposits lie below the Ore
Shale (Fig. &), including four major orehodies at Kinsenda
(Mgoyi and Dejonghe, 19497), three at Lubembe | Lefebvre,
149849 Tshiauka, 2001), several orehodies in Mchanga (Voet
and Freeman, 1972; Freeman, 1988h), minor ocourrences
at Chambishi (Grarlick, 1%61c), one orchody at Mkana (Jor-
daan, 1961}, three mineralised lenses at Chibuluma (Win-
field, 1%61) and Muliashi-South in the Luanshya district
(Wan BEden and Binda, 1972). These are not in the classical

lithostratigraphic position of orchodies in the Copperhelt
since these stratiform orchodies occur in arkoses of the
coammonly harren siliciclastic Mutonda Formation.

3.5, Mwashwa Subgroup deposiis

The Mwashya Subgroup is exposed for several hundred
kilometres along major Lufilian thrst faults between
Kaolwezi to the west and Kimpe to the southeast (Fig. 1),
Heveral copper deposits and sub-economic ooourrences
(<l wt s Cu) were recorded in the Lower Mwashya:
wg. Bhituru and Mulungwishi-Kampina (| Likasi district),
Kipoi (Luishia district ), Kifumashi and Kasonta | Lubumb-
ashi area ) | Frangois, 1974; Ciécamines, unpublished data).

The Shituru deposit, located 1 km away of the Likasi
Shituru plant {Fig. 1), is the only mined deposit hosted in
the Lower Mwashya. It occurs on the southern fank of
an anticline faulted along the fold axial plane. Mineralisa-
tion forms two stratiform orehodies (upper and lower) with
high grades in the supergene zone (==10.5 wt."s Cu and up
to 20wt Cop Frangois, 1974; Lefelwre, 1974), and with
lower grades (=2 wt.Vs Cuand =001 wit."s Cojatthe deeper
lewel (=80 m depth) { Lefetvme, 1974). Most ores are hosted
in dolomitic laminites and dolomitic shales, lithalogically
similar to B.5.F./D.Strat-type and 5.D.-type rocks of the
Mines Subgroup, and interbedded with sub-cconomic
<L wt M Cu) stromatolitic massive dolomite | Lefebvre,
14974 ). Mo direct link has been found between the pyroclas
tic rocks interbedded in the Lower Mwashya and this cop-
per mineralization {Lefebwvre, 1974).

4. Copper—cobalt distribution in the central Africa
Copperhelt

Based on present day mined out production, ome re-
serves and resource evaluation using cut off grades of
=1 witlh Cu, the economic orchodies host 82,2 Mt copper
and 1.4 Mtoobalt in £ambia-type deposits, against 58,0 Mt
capper and 4.6 Mt cohalt in Congo-type deposits. This
addsup to -~ 140 Mt copper and & Mt cobalt for the whole
central African Copperbelt {Frooman, 198 8a, by Ciécamines,
unpublizshed data). Therefore, the Zambia-type aorebodies
cantain 59 of the copper whereas the Congo-type orebhod-
des host 7T of the cobalt in the Copperbelt. The known
are deposits in Western Zambia represent less than 1% of
the total evaluated copper. The overall CooCu ratio is
1:57 in LZambia-type against 1:13 in Congo-type deposits,
although cobalt-rich depoats reach Co:Cu ratios of 1:15
in Zambia-type and 3:1 in Congo-type ombodies. Geo-
chemical studies (Eampunzu et al., unpublished work)
dndicate that the total amount of copper and cobalt con-
tained in the Katangan economic orchodies represents
=H% and 0L.8%, respoctively, of the total (ie. TES0 Mt cop-
per and T3 Mt cobalt, respectively) metal contained in
Fopan sedimentary rocks.

The distribution of copper and cohalt deposits i related
to the regional tectonic control of the distribution of the
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Fig. 7. Distrivution of the Congo-Fambia Copperbelt Mmes/Musoshi Subgroups deposits accarding to their Cu and Co tonnages.

Mines Subgroup and lateral comelative units along the
Lufilian Arc (Frangois and Oosterbosch, 19%68; Frangois,
1973, 1974). The Long and Kilamusembu facies exposed
between Kolwes and Tenke contain 26% and 19% af
Katangan belt copper and cobalt resources, mspectively;
they are marked by low copper grades (1.0-2.0 wt.M Cu)
and relatively low cobalt contents (0.1-0.4 wi. Co). The
Musonoi and Kalumbwe facies exposed between Rolwezi
and Kakanda-Fungurume host copper-rich (=20 wt
Cuj  and cobalt-poor  to  cobalt-rich (<00 1005 wt
Coj ores, representing 56% and 61% of Katangan hel
capper and cobalt resources, respectively. The southern
Menda and Luishia facies | 18% copper and 200 cobalt re-
sources) is exposed from Kalongwe to Etoike and host
capper- and cobalt-rich (=2.0wt" Cu and 004006 wt
Coj ores. Substantial nickel (from several hundred ppm
up to =005 wi ¥ W) is associated with cobalt in the Menda
and Luishia facies, forming Mi—Co sulphide depoats (e.g.
Shinkolobwe ). Between Lupoto and Lubembe, the Luishia
facies host cobalt-poor (<0.1-04 wi.%: Co) orchodies,

In Zambia, cobaltiferous deposits occour southwest of
the Katue Anticline { Fig. 2), e.g. Konkola-Chililabom bwe,
Mchanga, Chambishi Southeast, Chibuluma (West of
Mkana), Luanzshya and Haluba deposits { Ammels et al,
1983; Amnels and Simmonds, 1984; Freeman, 1988b). Co-
balt contents are generally between 0.1-0.2wt" Co (e.g.
Chamhizhi, Mkanaj, with local higher values (eg. up to
044wt Co at MNechanga), matching the concentration
range mported in Congo, There is almost no cobalt in
the copper deposits northeast of the Katue Anticline, e.g.
Kinsenda (Congo), Mutulira, Bwana Mkubwa (Zambia).
This pattern compares to that documented in Congo where
the richest cobalt deposits occur along the southern fringe
of the Copperbelt.

The CoCu ratio defines two geochemical groups of
stratiform copper deposits in the central African Copper-

belt (Fig. Ti (1) the first group represents cohalt-poor
copper depodts marked by low Co:Cu ratio (0-0002). This
group includes most Zambia-type copper deposits and a
few Congo-type deposits (e.g. Mutoshi in the Kolwez
arca, Kakanda-Nord, Kakngwa in western Zambia); (2)
the second group represents cobalt-rich copper deposits
marked by high Co:Cu ratio (0L02-2.80), nchiding most
Congo-type deposits and some deposits in Zambia (e.g.
MNkana-Mindola, Mchanga, Baluba). The highest Co
grades  within  the total resources in fambia  (Cor
Cu = 0050.07) occur in the Baluba, MWkana-Mindaola,
Chibuluma deposits  (Freeman,  198#b), which  show
tramsitional lithotacies between Zambia-type and Congo-
type sedimentary sequences. Local high grades am
documented in the Mchanga deposit. The Mwashya Sub-
group Shituru deposit is part of the low CooCu ratio
{001 deposts.

5. Metal and sulphide distribution within the orebodies

Muost Copperbelt deposits display vertical and lateral
zoning of disseminated copper sulphides. In Zambia-type
deposts, the wvertical zoning starts with  chalcocite—
digenite-bornite at the bottom, followed by bormite—
chalcopyrite and chalcopyrite-dominant zones, and pyrite
at the top (e.g. Chambizhi, Chibuluma, Baluba, Mchanga,
Muszoshi; Garlick, 1961c; Lee-Potter, 1961; McKinon and
Bmit, 1961; Cailtews, 1973, 1974). A similar trend marks
some Congo-type deposits. For example, the Kamoto de-
posit i3 characterized by chalcocite-digenite-bornite in
the lower orchody (Grey RAT., [DL8trat, R5.F) and in
5.10.B., chalcopyrite and minor bornite in B.OUMLE., chal-
copyrite—pyrite in 5.10.2a and pyrite in 502k (Oos-
terbosch, 1962; Bartholome, 1962, 1963, 196%). Outside
the orchodies, pyrite i3 common and coexists sometimes
with a few chalcopyrite grains.
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Etoile and Kambove-Ouest deposits (Congo) display a
different sulphide zonation in the same lithosratigraphic
units. At Ftoile, two scquences from chaloocite to bornite
and chakopyrite were observed, one from Grey BRLAT.
to [d5trat., the other from B.5F. to SD.B. (Letebvre
and Cailtewx, 19751 At Kambove-Ouest [Cailtews, 1983,
14986), chalcopyrite is dominant at the hase (Grey BLAT.)
and at the top of 508, whereas a chalcocite-digenite—
barnite zone occurs in the middle (D.Stret., RS F., hase
of 5.10.B.). This illustrates the variahility of the sulphide
zonation within the same sedimentary units, implying that
thiszomation iz not comwralled by the lithological character-
istics af the host rock.

The third “orchody™ (Kambove Formation ) is hosted in
daolomitic shales and dalomitic laminites at Kambove-COu-
eat, with a remarkable decimetric to metric vertical zoning
matked by the recurrence of pyrite—chalcopyrite-homite—
chakopyrite- pyrite ores (Fig. #). Carrollite { cobhalt-copper
sulphide) is imegularly distributed in the orehodies. It is
asscciated with chaleopyrite and pyrite in copper-poor
zones (o.g. Kambove-Cuest, Chibuluma, MNkana), In the
Kambove-Ouest deposit, a 0.5-1.5-m thick carrollite-chal-
capyrite orchody freguently ocours in the pyritic Grey
E.AT. below the base of the lower orchody. Centimetric
grains of carrollite occur in the poorly minemlized R5.C.
and detine omhodies in talcose dolomites of the Kambove
Formation (Figs. 4, 5).

KWF.1166
Core N%42T b op BN DG | Main Phase
1 L L 1
Py
P
0
34 Cm
B
P

Fig. 5 Ueametx suiphide zomng m the kamhov: Formatson (thord
arehady) at Kambove-Ouest (Caitewx, 1986) Mmor carmaollite & associ-
ated with the copper milphides. Py = pyrite; OP =:halopyrie; BN =
harnite; TG = digenite.

The lower arebody sulphide minerzlization in the Lower
Mwashya Shituru deposit includes disseminated pyrite,
chalcopyrite, bornte, minor carrollite/linnacite and super-
gene copper sulphide (digenite, chakocite) associations,
similar to those of the Mines Subgroup orebodies
{ Lefebere, 1974 ). However, there is no zoning in these aulp
hides. The upper orchody contains finely disseminated
pyrite in the unweathered zone.

In the Congo-type Mines Subgroup deposts, the highest
Col’u ratio occours in the upper part of the orehodies, and
shows local positive anomalies in the hangingwall (Fig. %a
and bj. In the fambia-type sequence, linnacite and carral-
lite occur in the Ore Shale, mainly within its lower part {e.z.
Mechanga, Chambishi, Mindola, Wkana, Chibuluma,
Muliashi, Baluba Mendelsohn, 1961c; Annels et a.,
1983 ; Amnels and Simmonds, 1984; Fig, 9d).

Cobalt or cobalt-nickel diseminated sulphides m
capper-rich  stratiform  ores  from hoth  Congo-  and
Lambia-type depesits include maostly cattierite and cohal-
tite at Kinsenda and Luiswishi (Deonghe, 1995 Mgoyi
and Dejonghe, 19497, Loris et al, 1997), sicgenite at
Kambove-Ouest and Lutswishi  (Cailtews, 1997, Lons
et al., 1997), Co-pentlandite at Chambizshi (Annels et a.,
14983 ; Amnels and Simmonds, 1984 ). Other deposits contain
nickel/cobalt-rich and copper-poor stratiform orehodics,
iz, Mi-cattierite, Co-vaeate and siegenite in Shinkolobwe
and Swambo (Derriks and Vaes, 1956 Derriks and
Oosterbosch, 1958, ODosterbosch, 1962), sicgenite and vial-
arite  in  Kahimbila (Kabompo Dome;  Steven  and
Armstrong, 03 ).

Cio, Mi, Cu diagrams show variable inter-clement ratios
in the orchodies and the hangingwal (Fig. %a-d). Micro-
probe analyses showed that nickel content & <1 wi. m
sulphides, ie. in carrollite and cattierile, chalcopyrite, chal-
cocite and Co-perite from Kamoio, Kambove-Ouoest,
Shinkolobwe, Musoshi-Konkaola, Baliba, Chibuluma,
Chamhbizhi (Bartholomé et al., 1971; Cailteux, 1974, 19497,
Craig and YVaughan, 197% Anncls o al, 19%83; Swoeency
et al., 1986). Sulphides from zome deposits (e.g. Kamoya
Sud-I1 in the Kambove area) contain several hundred, wp
to VKD ppmn M in the oxide ores, but Mi:Co ratio remain
very low (0,010 Microprobe analyses identified a com-
plete z0lid soluton hetween pyrie (Fel,), cattierie
(Cof%z) and vaesite { MiS2) | Loris, 199 Loris et al., 2003,
Sulphides of the linnacite group were also documented,
with chemical compositions indicating siegenite, linmaeite,
carrallite or palydymite. In the richest cohalt deposits
{e.g. Shinkolobwe. Swambao), MiCo ratios & higher (e.z.
1:4) since nickel concentration reaches 0.5 wi G in a dis
seminated ore comaining Mi-cattiente thiospinel, siegenite,
vaesite in addition to pyrite and chakopyrite (Derriks and
Waes, 19536; Derrks and Ooserbosch, 1958) Linnacie
(Coalscarrollite (CoxCusy) thiospined solid solutions con-
tain signiticant amounts of Mi and Fe. Zambian thiospinds
yiclded 0L45-2.53 wit.% Ni (Annels o al., 1983), whercas
higher values (11.4-12.2 wt.M i) were reported at Shink-
olobwe (Craig and Vaughan, 197%). These data indicae
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that mickelis closely linked to primary Cu—Co ome in the
central Afncan Copperbelt.

Rince 1903, gold, patinum-palbdium and zilver were
mined from Congo-tyne Cu-Co stratiform deposits, i.e.
Blutozhi (nnmly Buwe), Musooo (Rolwesi amea) aisl
Shinkolobwe; their concentration inores from the oxidized
zone reached 26 gt An, 36 gft Pd, 10 gt Pt (da Tricu de
Terdonck, 1956; Jedwab, 1%97). These procicus metals
occur in the lower orehody (mainly in BL5.F.) and torm pure
nuggets and alloys (inveolving Cu andfor Se) or are inchuded
in oxides (e.g. palladinite, Fe-Co-MNi—-Cu-Mn hydroxides),
AsfSe/Te metallic compounds ( e.g. costerboschite, monche-
ite, trogtalite) or alphides (e.g. linnazites, Se-As sulphides).
Sub-economic oocurrences were recorded in oogkde ores from
a few Cu-Co depoats, pg. gold at Kalongwe, Fimgurume,

Kamoya (Rambove area), Likasi idu Trieu de Terdonck,
1956), Pd-Au at Mindigi (Jedwal, 1997). The grades in
these occurrences may reach 03 gt Au, 29gt Ag and
0.3-0.6 gft Pt-Pd. Platinum and palladium are generally
lasted in mleogenies, In Sambia Au alse owwms in Cu—
Coores since it is recovered from eectrolytic Cuo refining.

6. Ohre petrodo gy
f. 0. Buphlde parageneses

Parageneses of the satiform disseminated sulphides ame
well documented both in Congo- and Zambia-types depos-

I, cg. ar Kamoto-Frincipal (Bartholoms, 1962, 1963;
Bartholomé et al., 1971, 1972; Dimanche, 1974), Musoshi
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(Cailteux, 1973, 1974), Kambove-Ouest (Cailtews, 1983,
14986), Luiswishi (Loris, 1%y Loris et al., 2002) and
Kinsenda (Mgoyl and Dejonghe, 19497).

Framboidal-pyrite (pyrite-1) grains (Fig. 10a) ocour
mainly within zones adjacent to the orebodies (below,
abaove, and laterally). Sometimes, chaleopyrite (-1) or born-
ite (-1} form the core of this early pyrite (Cailteux, 1974).
Microprobe analyses indicated the presence of copper in
tframbaidal pyrite-1 and revealed cobalt-nickel rich pyrite
{-1I} forming the outer rims of pyrite-l grains, eg. at
Kamoto (Bartholomé et al., 1971), Musoshi (Cailteux,
1974} and Kinzenda (M goyi and Dejonghe, 19497). Parage-
neses with pynte-I—(Co, i) pyrite-IT (bravoite)—pyrite-
I concentric zones weme reported in the Luiswizshi deposit
(Loris, 19496; Loris et al., 2002). Framboidal and small izo-
lated grains of pyrite (I, IL, 1) are included in diagenctic
quartzand dolomite (Fig. 10b), e.g. at Kamoto | Bartholome
etal., 1971 and Kambove-Ouest (Cailteux, 1983).

Primary chaleopyrite (-11) and bornite (-11) are the main
copper sulphides in the orebodies (e.g. Kambove-Ouest);
they grew at the same time as separate or coalescent grains.
Carrollite and pyrite-111 coexist with copper sulphides-I11
(mainly chalkopyrite ). Chalcopyrite-11 includes framboidal
pyrite-1, e.g. at Kinsenda (Mgoyi and Dejonghe, 1997
Baornite-11 replaces pyrite-1 {and -1}, e.g. at Kamoto | Bar-
tholome et al., 1972), a3 shown by carrallite graing nclud-
ing well-preserved aligned pyrite-1 (-1, whereas pyrite
grains outside carrollite have been completely replaced by
barnite-11 (Fig. 11). The textural relations indicate that
barnite-11 grew after the development of carrollite grains.
In the Luiswishi deposit (Loris, 19 Loris et al., 2602)
copper alphides-11 and sulphides of the linnaeite group
(linnasite-gegenite—carrollite/ polydymite)  formed  after
those of the pyrite group (pyrite—cattierite—vaesite).

Pynte, chalcopyrite and bornite grains (sulphides-1I1)
include diagenctic gangue minerals (chlorite, dolomite,
quartz) and diseminated copper sulphides- 11, mdicating
late-stage formation of the sulphide grains. Pyrite-111 rims
capper sulphides-11.
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&% baomite % pite o camolite
Fag. 11, Gram of carralie n dolomite shal of the Upper Orehady
{ Kamato-Principal), mchiding 2 lamina with wellpreserved pvrite-T(-1T),
and showing that this pyrie & replaced by hamnite outside carrallite; the
sketch aleo mdicates that bomnite grea after carrallite (Barthalome et al .,
1972).

Bornite (-11) grains nchide digenite in bornite-dominant
bazds (Cailtews, 1986). In these beds, carrollite grains in-
chide bornite-I1 in the centre and digenite-I1 towards the
rim. This indicates that carrollite grew before and after
the conversion of bornite into digenite.

Replacement carrollite forms the external rim of chal-
capyrite andfor bornite (=11 or =111} grains (Fig. 12). The
tmansition between carrollite rims and chalcopyrite or
barnite cores is marked by a digenite fringe (Fig. 12a,
b, and small pyrite grains occur within the carrallite rims
(Fig. 12c). Pyrite (LI, IV), chalcopyrite and bornite (-1V)
overgrow these parageneses (Fig. 12d). Some carrollite
grains include copper sulphides showing replacement tex-
tures by camollite; others show microfractures filled by
chalcopyrite or borpite (-IV). In Zambia-type deposzits
(og. Musoshi), bornite frequently includes chalcopyrite
bath as lattice or irregular exsolutions (Cailtews, 1973,
1974 ). Similar pamgeneses occur in the Shituru lower ore-
baody, forming alko several generations of sulphides
{ Letetrvre, 1974).

Fig. 10 (=} Framboodal pyrite Py} associzted with later harmite | BN). Bamite mcdudes frambaidal pyrite. Upper Grebody (3 00 ), sample Mo, 822 DUHL
Kaf 1142, KamboveDuest deposit] Cailteux, 1953). (b} Framboidal pyrite (Py)inchided i dolomite (D). Grey R AT sample Mo, 1874, DUH. K 23E,

Kambove-Cest deposit (Cailtewus, 19583).
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Fig. 12

i@} Imcomplete transfarmation of a chalcapyrite gramn mio carroliite and digenite; relict chalcapyrite (CF) accurs i the centre of the gram;

digenite ([¥3)} occurs hetween chaloopyrite and carmallite (CR); early pyrite (Py-1) graims are inchuded i copper sulphides; (b) Detad of the same
parageness; (€] Docurnence of pyrite graims (Py-Z) within carrallite. Grey BAT ., sample Mo, 1290, TVH. Kaf- 1150, Kambove-COnest depos ¢ (Cailtens,
15873); d) Late pwrite (Py-3 ) partly surrounded by late bomie f BN) 5. 00E., sample Mo, 1511, DUHL Eoadl 128, Kambove-Ouest deposit (Cailteus, 1987

.2 Relations betwesn sulphides and gamgue minerals

Abumdant nodulez or beds of ankedrite scour in the
Lambia-type Cre Shale (e.g. Wkana, Mufulira) and there
iz evidence for replacement «of evaporitic minerals by cal-
cite-dolomite, quartz, bomite and chalcopyrite {Anmnels,
1974 ). Thiz author showed that, in the Mufulira deposit,
mineralized zones correspond to areas in the orchodies with
little or no anhydrite content, whereas high anhydrite con-
tents meark barrenm or sparsely minera lised zones. Pseud-
omorphs after anhydrite nodules ocour in 5.8, and at
the base of the Eambove Formation within the Congo-
type deposits (Bartholomé et al., 1972 Amnecls, 1974;
Ratckesha, 1975, Cailtewx, 1978a,b). These nodules were
completely replaced by dolomite, quartz, pyrite and
capper—cobalt sulphides in the arebodies and, within the
same Aratigraphic units, by dolomite, quartz, pyrite in har-
ren rocks.

The relationship betweoen sulphides and leucoxene-rutile
were documented in both Congo-type and Zambia-type
depoats. In the Musoshi (Zambia-type) deposit | Cailteusx,
1973; Cailteux amd Dimanche, 1973), the bharren rocks
below and above the orebodies are marked by detrital
ilmenite (Ilm) showing partial to complete conversion into
leucoxeme (Lx), with intermediate prodwets (HmtLx or
Et-Lx). These miinerals are associated with diagenctic
hematite. In the Musoshi orebodies, the conversion af
ilmenite into Lx-Ft iz complete, and 5% of the leucox-
ene-rutile grains show associations and intergrowths with

pyrite-1, -11 andfor copper sulphides-I1, whereas 25% of
the leucoxene-rutile and 1004 aof the sulphides ooour in
izolated grairs (Cailtewr and Dimancke, 1973, A zimilar
diagenetic mineral association occurs in clastic rocks from
the Congo-type archodies (5.5, and 5.D.B./upper ore-
body; Fig. 13), e.g. at Kipapila-Kimpe (Cailteux and
Lafebwre, 1975), Etoile (Lefebvre and Cailteux, 1975) and
K ambowe-Ouest (Cailteux, 1978a, 1983, In the 5.5, this
association coexists with framboidal pyrite-1.

Fig. 13, Relict Leucoxene (Ti-Fe oxide, LX) associated with pyrite (Py],
chalenpyrite (CP), harmite { BN} assemblage; note the diz genetic deshil
waton of detrital dmenite relesing ron presumahbly fixed @nio copper
sulphides. Upper arebody (3.00UE], sample Moo 822 DUH. Kad 1148,
Kambove-Ouest deposit (Cafleux, 19673
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In the Kambove Formation, camollite is the major sul-
phide in tak-dolomite bearing beds and layers (Figs. 4
and £), whereas dolomite—guartz bearing beds host mainly
capper Ailphides (Cailteux, 1983). Talc in these rocks is
diagenectic and presumably results from an early sepiolite
that coexisted with cakite (converted into diagenetic dolo-
mite) instead of growing from the reaction between dolo-
mite and quartz (Bartholome, 1966; Cailteux, 1979).
However, a metamorphic origin for this tale memains
possible.

.3, Relations between orehodies and deformation evenis

In Congo, the orehodies were toctonically dismem bered,
forming part of thrst sheets (e.g. Derriks and Vaes, 1956,
Derriks and Oosterbosch, 1958; Mendelsoln, 1961h;
Demesmacker etal., 1963), related to the first Lufilian com-
pressiomal deformation event known as the Kohvezian tec-
tonic event (Bampunzu and Cailteux, 199% and references
themin). The heterogenous distribution of strain during
this event with the maximum strain focused along thrust
sense shear zones, posably controlled by evapontic layers
(Cailbeux, 19%4; Cailteux and Kampunm, 19%95), explains
the abaence of strong fabric within the rocks and thus the
good preservation of sedimentary/diagenetic textures. In
Lambia, a stronger fabric occurs in some deposits and is
registered in both sulphides and gangue minerals (e.g.
Nkana, Luanshya, Mululira; Mendelzohn, 1%61h; Brandt
et al., 19461 ).

Metamorphism and/for hydrothermal alteration (Auids
eacape during compressional tectonics) generated variable
re-equilibmtion, remohilization and secretion of sulphides
into late- to post-kinematic veins both in Zambia and
Congo (e.g. Garlick, 1%61h, 1% Mendelohn, 1961
Cailteux, 1983, 19497, Sweeney, 1987, Cailteux and
Kampunzu, 19495 Loris, 19%96). In the orebodies, minor
remobilisation of stratiform ores is shown by a few cross-
cutting mineralized veins surrounded by centimetre-wide
zones within which stratiform sulphides have been de-
pleted. A few centimetres away from these veins, the fine
primary compositional zoning of the disseminated strati-
torm sulphides is well preserved. In the Musoshi deposit,
the copper content in the “depleted” orcbody rocks af-
fected by fractures related to the Lufilian orogeny is
~AL03 wi % Cu, whereas the adjacent undepleted orebody
contains more than 3.0 wt." Cu (Letebvre and Tshiauka,
14986; Richards et al., 1%8E).

T. Isntopic geochemistry

The 850 and &3 values for Footwall and Ore Shale
dolomites in Zambia define two fields in Fig. 14 (Sweeney
etal., 1986). &0 values for Footwall dolomites are between
+ 2082 and +26.38%,, SMOW., The Konkola Ore Shale car-
bonate paoudomorph after anhydrite nodules or lenticles
vielded 4 %0 values between +14.56 and +16.16%, SMOW.
Far comparisan, %0 present-day mine waters from the
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Fig. 14. Values of 5'%0 platted against 5'°C for carbonates from Zambian
Footaall and Ore Shale rocks (Sweeney et al, 1985).
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Fig. 15 Sulphurisotope values for sulphides and sulphates from Congo-
type deposits (Kamaoto, Kambove-Onest, Lusaishi, Ewnile, Ruashi; data
from Okitaudf, 1989 and Lerouge e al, 2604}, sulphides from the
Zamhian Ore Shale, Footwall and vens 2t Konkala, and sulphates from
Mufulita are horwons (data from Saeeney etal,, 15984). CP = chaleopy-
rite; CR = carraliie.

Copperbelt yielded walues of —627%, SMOW (Sweeney
etal., 19H6),

Sulphur izotopic data on sulphides from Cu—Comineral-
ization in Congo and Zambia are dispersed (Fig. 15). How-
ever they show a consistent large range of 55 values
(Jensen and Dechow, 1962; Dechow and Jensen, 19635
Sweeney et al., 1986, Okitaudji, 198% Hoy and Chmoto,
1498%; MoCrowan et al., 2003; Lerouge et al., 2004), from
high negative to high positive values, which characterize
the sediment-hosted deposits (e.g. Ohmoto and Bye, 19749
Krmouse, 1980; Misi et al.,, 2000; McGowan et al., 2003
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and others). The range of &8 values (Fig. 15) are in agroe-
ment with vahes of sulphides resulting from a bacterial
reduction of marine sulphates at superficial temperatures
(<530 =), However, for deposition in Congo, Hoy and
Ohmoto (1989 suggested that the high positive &M% values
originated from an nput of hydrothermal sulphur charac-
terized by a &8 ~ +9% . The zame hypothesis is also pro-
posed for the Meso- and Neoproterozoic kead-zinc deposits
of the 530 Francisco Craton (Misi et al., 2000). Rare &¥5
sulphate analyses from host rocks are ~+17%, at Mufulira
in Zambia (Sweeney et al, 1986) and +226%, in the Mines
Subgroup {average) at Kolwez (Okitandji, 198%). These
values are quite close to the reference value of Meoprotero-
zoic seawater (Claypool et al., 1980}, and tend to confirm a
largely marine origin for the sulphur.

A detailed investigation of the relations hetween ™5 af
individual sulphides and the lithostratigraphic position at
Konkola in £ambia (Fig. 16a; Sweeney ot al., 1986) and
Luiswishi in Congo (Fig. 16b; Lerouge et al, 204)

a CHLE EHALE

145

indicates a strong stratigraphic control of 5 in sulphides.
These mlations suggest an introduction of sulphur to the
sediments during sedimentation and early diagenesis.
According to Ohmoto and Rye (1%7%), vanations of &5
values may be interpreted in terms of tmnsgression—regres-
sion events, i.e. 85 values become lighter (high negative
values down to =TI during transgressive events,
whereas they become heavier (high positive values up to
+T0,) dunng regressive events. Corsequently, both in
Congo and fambia, the high &5 sulphide values from
the hase of the orchodies were probably produced by
S5 depletion in a main mservoir during a regressive
period, marking a basin closed from the scawater. The de-
crease of &% values, down to ~e—15%, in the Ore Shale in
Lambia, suggests that the system was progressively open to
a H0y-rich source, marking a transgressive event during the
depoation of the lower part of the Ore Shale ( Units A and
B), followed by a mgressive regime during the deposition of
its upper part (Units C-E). In Congo the transgressive
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Fig. & Sulphur sotope composition of sulphides along vertical sections through (2) the Zambian Ore Shale (Sweeney and Bmda, 1989ah), (b} the
Comgn-ype arehodies in the Luswishi deposit ( Lerouge et al_, 2004); the S5 sulphide values show the same transgressive regressive evenits a5 those
mdicated by the host-rack Bthaloges (Sweeney and Binda, 1999 h; Cafltenx, 1994).
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regime was persistent during the depositicn of the sedi-
ments hosting the Lower and Upper orchadies (Kamoto
and Dolomitic Shales Formations). These mesults are in
agreement with the inferred lithological transgressive—
regmessive evolution of twe ore-hosting sediments from the
Mines Subgroup in Congo (Bartholomé et al, 1973
Cailteux, 1983, 19%9) and the Ore Shale Formation in
Lambia (Sweeney et al, 1986).

The sulphur izotopic data of coexisting sulphide pairs at
Konkola (Sweeney et al., 1986) and Luiswizhi { Lerouge
et al., 2004) show heterozeneous isotopic fractionations he-
twioen the sulphides, indicating crystallization at disegquilib-
rium  In the Luiswish deposit, chalcopyrite-carrollite
izotonic fractionations are systematically reversed when or-
ganic matter is abundant. This, along with the large mnge
of %8 values, confirms that sulphide 5% valies are con-
trolled by the sedimentary environment, bot also by the
presmce of organic matter, and probably by complex
kinetic processes,

I'he range of #™% veles of sulphides 11 veIns is very
clozeto &5 values of early associated stratform sulphides
{chakopyrite, carollite, »ornite) indicating a good preser-
vation of the primary sulphur sotopic composition. This
strongly suggests a local scale reworking of the early
stratiform  sulphides, i.e. local recrystallization and
neocrystallization of sulphides in veins during the Lufilian
tectoo-metamarphic events. The preservation of disequi-
likrivm between coexisting sulphides in veirs suggests that
the reworking was not strong enough to reegquilibrate the
HerM8 ratios,

K. Thermome iy

Frangois (1973, 1974 indicated that the total thickness
of Katangan sedimentary rocks above the stratiform ore-
bodies was -6 k. Asamming a geothermal gradient of
10 *Cfkm which iz a minimum valie deduced from P, T
eatimates in high-pressure metamomhic rocks in the
Katangan/Zambezi bel: (Massone et al, 199%4; John
etal, 2003) and 50 *C/km which iz a maximum value cal-
culated by Cluzel (1%986) in rocks from Luiskia, the temper-
ature at the f-km burial depth should be beween ~460 and
300 7, The regional meamorphism melated to the Lufilian
orogeny increases from the north to the south, evolving
from zeolite and greenschist facies in Congo to the north
up to amphibolite facis in Zambia to the south (e.g.
Mendelsohn, 1961k; Oosterbosch, 19632 Drysdall et al,
1972; Frangois and Cailtewx, 1981; Temba, 19%4). Most
of the fambian-type deposits in Zambia je.g. Mchanga,
Chamhizhi, Muliashi, Mufulira, Nkana, Luanshya) and
some deposits in Congo (e.g. Musoshi, Kinsenda) evolved
under the greenschist facies, possibly zround  ~350-
A0 7 (Richards et al., 1988). Particularly at Musaoshi, late
quarz + kiotite + microcline + carbonates+ sulphides =
anhydrite = harite related to the Lufilian orogeny roecorded
temperatures around A0 “C(fuid inclusion data in gquartz,
Richards et al., 1%88). In northwestern Lambia (Domes

area), peak metamerphic conditions al F1 (121 Kaolwezian
dhase of Kampuneu and Cailteux, 1999 are around
G300 AC and 13 kbers, followed by a decompression al
& kbars (Cosi et al., 19%492; Steven and Armatrong, 2003),

o Fhuid inclusions

Fluid inchsions found in gangue minerals (dolomite
magnesite  and quartz)  from Congo-type Kamaoto-
Principal, Shinkolcbwe, Kambowve-Orest and Luiwish
archodies (Pirmalin, 1970; Mgongo, 1975h) amre of twe
cypes: (1) two phase- (liquid-gas) inchisions of small siz
n dolomite or quartz, Ull-free, with yield temperaturs
arpund T 2T and salinitics i the renge 7-100wt. My (2)
three phase-(zolid-1gquid-gas) inclusiors in dolomite grain:
‘rom BLS.CL, hosting one to three diferent types of solid
ahases (MNaCl, KOland CaS0y) and containing OO, with
yield tem- peratures of == 200°C and salinities estimated
aroumnd 40wt .

Audeowd (19 L) and Audeowd et al. ( 1¥54), working on
Aduid inclusions contained in dolomtic veinlets of the
R.AT. tormations and on identical inclusions associated
with the anchimetamorphic recrystallization, showed that
the agueous phase is the mos mportant one, and con-
armed the very high salinity of this phase, i.e. containing
mare than 60wt of dissolved salis (MgClay CaCly)
The MaCl and KOl concentrations in these inclusions are
relatively low, which is consistent with the R.A T, compo-
stion (Kampunmu ot al., this volume ).

In Zambia, Sweeney ( 1987) found that: (1) fluid incle
#dans in quanz veins cross-cutting the Cre Shale at K onk-
alashow post-trapping alteration features; (2) inclusions of
the same vein systemn are characterized by varying fluid
chemistry; (3) hydrocarbon liguid indusions are presem
n several samples (4) fluid chemistry wariation corre-
sponds to diagenctic changes in the different lithologie:
during the hasin evolition. The author conchided that
the wveins represemc a post-formational tectono-thermal
event, and formed by lateral secretion of fluids dunng late
diagenetic dewatering at temperatures of -~ 120 2,

Fluid inclisions in guartz from quartz-hematite vein:
cutting the Footwzll at Musoshi { Richards et al., 1988
contain halite-saturated fluid, with a minimum salinity of
W-39wt NaCl and 1517 wt 6 KOl minor amount:
af 0, and alzo coatain Fe, Ca, Mn. They yielded temper
atures of 275397 (. These authors conchided that the
aydrothermal event post-dates the straditorm copper depo-
stion and may hawe been linked to compressonal defor
mation and metamarphizm during the Lufilian orogeny.

Fluid inclusions from early quanz associated with pyrite
and carrallite (pseudomorph after anhvdrite) in the Cham-
Aishi orehody, yielded salinities in the range of 9 16wt
whereas fluid inchizions from syn-kinematic veins yielded
higher salinities betwoen 16 and 22 wi s (Annels, 1598% ),

Recent studies by Cireyling et al. (2002) on various
toctonic settings (pre-deformational, syn-tectonic, post
deformational) showed the following scenario, (1) There
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are primary and secondary inchisions of HyO-MNalll-
0y £ CHy compositions with a salinity of 23 wit ¥ NaCl
equivalent in mineralised and non-mineralised guartz
veins, formed prior to deformation and folding from
deposts in Lambia (e.g. Chambishi). (2) Representative
of syn-tectonic fuids, primary inclusions in quanz veins
in the Mchanga open pit contain NaCl-saturated fuids with
varying liguid—vapour-solid ratios suggesting heteroge-
neous trapping. (3) Primary and secondary inclusions from
mineralized K-feldspar-quartz—hiotite-anhydrite  assem-
blage veins cross-cutting the orchodies in the Nkana syne-
linorium, and representative of post-toctonic Auids, contain
HA-MNaCl solutions which reflect two end-members thiids:
{A) low salinity ( 8-14 wt.% MaCl equiv. ) and high Th (300-
A0 C); (B) high salinity (14-23 wt.% NaCl equiv.) and
low Th (100-150=C ), The authors concluded that (1) low
temperature—high salinity fluids may be charactenstic of
basinal—early diagenetic brines, whereas high-tempera-
ture—low salinity fHluids are possibly denved from later
regional metamorphic events.

1k Discussion

There are no data to support the genetic ore model
imvaolving a widespread circulation of hydrothermal Auids
ascending along nft fractures and deriving metals from
deepeseated mahc rocks, as proposed by Annels (1974,
197%, 198%), Annels and Simmonds (1984) and Lefebvre
(149849, Indeed, fracture-flling ores expeocted to mark min-
emlising fuid low paths are unknown and them is no link
between Cu—Co distribution and Upper Roan'Dipeta igne-
ous mahc rocks (Sweency et al., 19%1a,b; Kampunm et al.,
2000, this volume) in Congo and Zambia. Mo large plu-
tonic hody able to supply the amount of metals known in
the Copperbelt has ever been detected by gravity and acro-
magnetic surveys beneath the mineralized section of the
Katangan belt (Sweeney ot al., 19%1ab; Sehagenzi, 19493,
19%7a h; Gocamines, unpublished acromagnetic data).

Similarly, there are no data to support the hypothesis of
Unrug (1988, 198%), assuming the existence of two pulss
of hydrothermal ome-forming thiids that supplied metal to
the Roan Subgroup “aguifers”. This author suggests a
twoestage model including: (1) Co-MNi-PGM hydrothermal
fuids linked to the emplacement of matic magmas in the
Copperbelt during the deposition of Mguba Group sedi-
ments; (1) convective cimulation of bhasinal ore solutions
driven by a thermal gradient and with leaching of metals
from Mguba pelites, mcorractly inferred by the author to
contain ~30%% of igneous mafic material. Several authors
(e, Bwoeeney and Binda, 1%98%a,b)stressed already that this
maodel iz untenable. The bulk of the ore sulphides were
deposted at the same time as the deposition of the Mines
Subgroup and thus predate the deposition of the Mguba
Group. The lack of spatial relations between Cu—Co min-
emlization and igneous mafic rocks has already been
stressed above. The sulphide zoning meported above cammaot
be explained by this model.

Sewveral authors (eg. Brown and Chartrand, 1986;
Haynes, 1986; Fose, 198% Walker, 198%) suggested that
dewatering of “red beds” located stratigraphically beneath
the sediment-hosted ore deposits could be the main source
of copper-jcobalt) mineralizing fluids in the Copperbel
stratiform orchodies. However, available data do not sup-
part this attractive model. For example, geochemical data
{ Kampurzu et al., this volume) show that: (1) the transition
metals content in the footwall sedimentary rocks is higher
than avemge content in normal clastic rocks and there is
no geochemical evidence to support loss of these metals
in the footwall; (2) there is no evidence of widespread dia-
genetic copper-bearing dewatenng-veins in the footwall
rocks; (3) accumulation of at least 1850 million tons of cop-
per contained in the Copperbelt requires the erosion and
the depaosition in the Katangan hasin of 10 m* of source
rocks, which iz about 100 times the volume of footwall sed-
imentary rocks in the Lufilian Arc. On the other hand,
oocurrences of copper are known in the basement: (1) the
Samba depost granitoids (50 million tons at 0.7 wt!%
Cuj; (2) the Muva phyllites south of the Wkana bhasin
(36-m wide zone at 3.6 wt.™s Cu); (3) the Nchanga Fed
Giranite (1.5 million tons at 1.5 wt.% Cuj); =300 ppm Cu
over a large area below the Chingola-Mohanga orchodies;
several pockets reported from a number of mines and
prospects in the Copperbelt (Binda, 1997 and references
therein; Hitzman, 2000).

The Copperbelt primary mineralisation displays very
tine sulphide layering and the ore and host rock grain sizes
are strongly positively correlated. The ore sulphides ocour
along foresets of cross-bedding and bedding planes and
they are affected by preconsolidation sedimentary stmc-
tures such as sedimentary truncation and slumping
(Crarlick, 1%61h, 198%). The archodies are afiected by the
oldest Lufilian compressional structures such as thrusts re-
lated to the Kaolwemian tectonic event (Kampunmu and
Cailteux, 199%). Theretore, these orchodies cannot be
linked to Auids from syn-orogenic metamaorphic dewatering
even if they display features indicating partial reworking of
primary ores dunng Lufilian tectonic-metamorphic events.
The most impaortant among these features are the follow-
ing: (1) one set of low-salinity fhoid inchisions yield equili-
bration temperatures = 20070, contrasting with lower
temperatures (<100 *C) obtained on high-salinity inclu-
sions  preserving  primary  features  (Pirmaoling 1970
Audeoud, 1982, Audeoud et al., 19%84; Sweency, 1987
Richards et al., 1988; Annels, 198%; Cireyling et al., 2002);
(2) local syn-kinematic hydrothermal leaching ({ Mgongo,
1497 5a; Lefebwvre, 1976h; Cailtewx and Kampunzu, 194935
Cailteux, 19497) indicates small scale metamorphic remaobil-
ization of hypersaline fAuids (cf. fuid incluion composi-
tion) imnducing recrystallization of both gangue and om
minerals and local development of barren and mineralised
veing; (3) kyanite-serpentine—forencite and paragonite—
phengite assemblages in veins indicate temperatures up to
A0 *C in the presence of hypersaline fuids ( Lefebwre
and Patterson, 1982; Cluzel, 1986). The genetic model
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developed below puts emphasiz on the mineralising pro-
cesses that wem the most important i the formation of
the primary orchodies.

The Mines/Musosti  orcbodies  are  lithologically!
stratigraphically bound to more or less evapaoritic tidal
Hatfsubtidal shales<carsonates in Congo and to their
lateral comelatives in fambia. All rocks hosting Cu—Cao
sulpaide in Congo-type orchodies (Grey B A T. - Strat.—
E.SF.-5.D.B.-Kambove Formation) were deposited un-
der reducing conditions, n a tidal flat/subtidal emviron-
ment, during a major transgressive-regressive event. They
overlie continental siliciclastic sedimentary rocks (Fed
E.AT. in Congo-type and Mutonda in Zembia-type ore-
baodies) deposited under an oxidized, hot, arid to semi-arid
envirorment. Variegated AT, represents the transition
zone between the oxidized footwall sedmentary rocks
and the main orebodies. This transitional lithology mdi-
cate the existence of a reducing/oxidizing front (Cailteux,
14978a, 1994). A thinner but similar transiton zone ocours
over tens of centimetres between the Zambian Ore Shale
and its Footwall {e.g. Musoshi; Cailtews, 1%73).

The eariest sulphides (pyrite-1, Co-Mi-pyrite-11, chaleo-
pyrile-1, bornite-1) were deposited before the lithification of
the host rocks, i.e. they are syngenetic to early diagenetic.
This interpretation is based on the supposition that early
diagenetic processes start when sedimentation is ongoing.
Frambaoidal pyrite-1 is & syngenetic mineral since such tex-
ture marks direct predpitation of Fel; from solutions
(Bemer, 1964, 19705 or bacterial reduction of scawater sul-
phates {Annels, 1974; Sweeney et al., 1987) Inchisions of
capper sulphides-1 in famboidal pyrite indicate that the
carlies  Cu-sulphides precipitated  early, before  some
frambaoidal pyrite and thus represent also syngenetic miner-
als. The ncrease of CrCo-MNi content from the centre
(pyrte-1) to the margin (pyrite-11) of graire reflects an in-
creaie of transition meal concentration i the interstitial
water, possibly indicating the firg steps of evaporation in
the sedimentary basin, yielding metal-rica brines. High
transition metal contentin host rock primary minerals such
as dolomite (Sweeney and Binda, 19%8%a,3; Loris, 19%96)
indicates that the transition elements were madily available
and even concentrated i the depocentre water during sed-
iment depostion.

Pynte group sulphides (pyrite, cattiente, vaesite) were
depaosited before Cu—Co sulphides-11. According to Craig
and Vaughan ( 197%), the pyrite group forms a crystallisa-
tion sequence pyrite — Co-pyrite — cattierite + thiospinel
or vaesite (e.g. at Luiswizshi), marking Fe—Co-Ni composi-
tiomal changes of the ore-forming foids.

The second generation of sulphides (Cv—Co sulphides-
Il meplaces or include: sulphides of the Arst generation
{i.e. bornite meplacing pyrite, chalkopyrite including framb-
oidal pyrite). Intergrowh of Cu—Co sulphides-11 with dia-
genetic mineraks (e.g. chlorite, leucoxene-rutile) indicates
that they gmw during diagenesis. [Magenctic comversion
of detrital ilmenite into leucoxene and rutile released at
least part of the iron required for sulphides-I1 growth in

reducing conditions that prevailed in rocks hosting mos
orchodies,

Replacement textures within the external rim of copper
sulphides-11 are also related to diagenetic reactions. An ir-
crease of cobalt concentration in the brine and its reaction
with copper sulphide grains led to the growth of carrollite
at their rims. The reactions involved are as follows
(Cailteux, 1983, 1906):

ICuFeS, +200 = CuSCo,S, =0 | £2Fe |
gyt i
3 CusFeSs 260 — ICUSCoa8; +1 LR TR I | S
Thecopper released during these react:ons enhanced, at the
contact with carrallite, the conversion of chalcopyrite and
bharnite into digenite. Small pyrite crystals within the car
rollite fringe could be linked to the ron released during
the above reactions. Excess iron was arohably released to
the interstitial Auid. Positive cobalt anomalies in the hang-
ingwall of the Congo-type orchodics indicate that the
brines were still enriched in cobalt after the deposition of
Coemlphides in the orchodies,

Sulphur izotopic data on nodular and lenticular anhy-
drite from the orebodies and harren rocks from the same
unit indicate that anhydrites formed by evaporation of sea-
water under supratidal or sabkha conditions, requiring a
major sulphate super-saturation of the mineralising brines.
The sulphide izotopic data show that the source of sulphur
was seawater sulphate ions. They alko support growth of
sulphides at low temperature (less than 100 2C) by bacteriz]
reduction of sulphate ions in the brines and possibly by
reaction with ecarlier anhydrite (Anncls, 1974; Swoeeney
and Binda, 19#%ab). This process lberated the sulphur
nocessary for sulphide growth. Isotopic data alo identity
the occurrence of wwo generations of sulphides (Hoy and
Ohmoto, 1989 the first (30-75 vol.'™ sulphides) is synge-
netic to early diagenetic whereas the second (2550 voll
sulphides) is attributed to super-saturated copper-bearing
Huids generated al the depositional zite during synkine-
matic metamorphic processes (Cailtex and K ampuna,
19495 ; Kampunzu and Cailteux, 199%). Fluid inclusion data
reviewed above (eg. Greyling et al., 2002) coupled wity
ficld and petrologic observations show that: (1) the firg
group of sulphides grew probably et dess than 100 °C,
and this i compatible with sulphide erystallisation at low
temperature by tacterial reduction of sulphate ions n
brines (Annels, 14974 Sweeney and Binda, 198%a,b); (2)
the second group o sulphides grew during the Lufilian orc-
genesis from metamorphic Auids rewerking the syngenetic
to diagenctic mineralization (Cailtenx and Kampunz,
19455 Cailtews, 1997; Kampunzu and Cailteusx, 19959,

Brine oversaturation in metals realting in the depos-
tiom of the syngenedic to early diagenetic sulphides was cor-
tralled by evaporation, probably wthin sabkha basins
(Cailteux, 1986; Garlick, 198%). Changes in Eh—pH cond -
tions may explain the consistent sulphide zonation in the
Caopperbelt orchodes (Cailbeux, 1986,
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The model of primary concentration of copper in the
Copperbelt stratitorm orebodies involves the mixing of oxi-
dized mineralizing brines from the hypersaline lagoon with
interstitial reducing water rich in organic compounds. This
maodel i supported by: (1) the ocourrence of relict evapo-
ritic beds at the top of the AT, Subgroup and by the col-
lapse dissolution bmeocias in the Kambove Formation in
Comgo, This implics at least two periods of prograding sab-
kha-type lagoons, the first generating the lower and upper
orebodies and the second formuing the third, minor ore-
baody; (2) the strong lithostratigraphic control on the posi-
tiom of the omhodies in Zambia and in Congo (maore than
T km along strike) and the close link betwoen the miner-
alization and anoxic shallow-water intertidal to supratidal
host-sedimentary rocks, These data and the stahle sotopic
compositions discussed abowve indicate that sedimentary
processes played a key-role in the metallogenetic prooesses,

Cirebodies or sub-occonomic Cu sulphide ores are hosted
in footwall sedimentary rocks deposited under oxidized
conditions  in the Zambia-type siliciclastic  Mutonda
Formation {e.g. Muliashi-South in the Luanshya district,
Chimgaola; Binda, 1947). They are lenticular bodies located
at different stmtigraphic levels within the Mutonda unit
(Fig. &), Van Eden and Binda ( 1%972) and Binda (1987) sug-
gest a downward migration of mineralising diagenctic
brines remaobilising copper frome the Ore Shale to the por-
ows tootwall formation. However, the occurrence in these
poculiar arebodies of pyrite-1 included in copper sulp-
hides- 11 at Kinsenda ( Mgoyi and Dejonghe, 19497) suggests
an early diagenctic biogenic reduction of seawater sul-
phates in the procursor sediments, This could indicate that
local redox fronts existed in these sediments, and that the
samue mineralizing process as im the Cre Shalke acted in
the Mutonda Formation.

The model proposed in this paper links the influx of
metals to the Katangan sedimentary basin to the erosion
of pre-Meaproterozoic basement terrains {transportation
in solution ). Ceochemical and geological data indicate that
the Archacan fimbabwe craton and the Palacoproterozoic
basement complex in the Bangweuln Block and within the
Copperbelt represent the main sources of sediments and
metals accumulated in the Katangan basin, The hasement
terrains particularly host lithological units with potential
tar the sapply of large amounts of copper and cobalt and
containing the required additional metal association M,
Au, Ag, PGE (e.g. several Cu ocourrences in the hasement
comuplex, cobalt in Mi-laterites Formed on Archacan low—
grade Mi-Co-Au-PGM deposits in the dmbabwe craton).
Some metaks (e.g. U, Sn, Ta, W) most probably originated
trom the erozion of post-orogenic Kibaran tin-granites
(Caron et al., 1986) and this iz supported by the presence
of detrital cassiterite, wolframite, tantalite in the orehodies
in the Kolwezi mining district (Jedwab, 19%97) and late
Mesoproterozoic zircons in the Mwashya tuffs (Rainaud
et al., 1944, 2003).

Im the case of the Lower Mwashya orchodies at Shit-
ury, the Cu-{Co) mineralization is hosted in dolomite

displaying lithological similarities with those hosting
the Lower orchody in the Mines Subgroup. Minor ome
in the pyroclastic rocks at Shituru prohably originated
tfrom remobilization of local sediment-hosted minerali-
zation.

11, Conchsions

The central African Copperbelt represents a Neoprote-
rozoic stratifomm sediment-hosted province =700 km long
and < 100-150 km wide. It contains =140 Mt copper and
=6 Mt cobalt {mined out production, ore reserves and re-
sources). Although the Congo-type and Zambia-type ore-
bodies show some differences (e.g. clastic va. carbonate
host rocks), they display a large number of analogies,
including: (1) their location in laterally correlative litho-
stratigraphic units deposited in supratidal to sabkha-type
highly saline environments; (2) similarities of ore textural
features with predominan tly disseminated sulphides closely
linked to structures such as sedimentary lamination, cross-
bedding, ete.; (3) identical sulphide parageneses; (4) identi-
cal zoning of sulphides related to primary variation of
Eh—-pH parameters during ore deposition; (5) relatively
low (<100 =) crystallisation temperature of  primary
syngenetic/early  diagenstic  sulphides  versws  higher
{ Z200 =) crystallisation temperature for late diagemetic/
metamaormphosed sulphides, The low crystallisation tennper-
atures for the primary sulphides are similar to tempera tures
recorded during hacterial mediated sulphate reduction,
producing sulphur required for growth of sulphides under
reducing conditions, e.g. by bacterial reduction of scawater
sulphate ions.

The following are therefore critical parameters for the
development of world class sediment-hosted stratiform
deposts in the central Atrican Copperbelt: (1) availability
of large tonmage of metals in the hinterland (Palacoprote-
rozoic and Archacan basement), subjocted to erosion dur-
ing the early MNeoproterozoic; (2) arid climate in the
depoational area where the evaporation induced a natural
pre-concentration of metalks; (3) development of reducing
conditions during the deposition of the Mines Subgroup
(Congo-type) and its correlative the Musoshi Subgroup
{fambia-type) rock association. This reducing env iron-
ment triggered the crystallisation of syngenetic and early
diagenetic sulphides, amd therefore the copper-cohbalt
deposts in the central African Copperbelt ame typical syn-
genetic-carly diagenetic deposits; (4) late diagenetic, meta-
maorphic  and relatively  recent  owidation  processes
reworked the orchodies enhancing metal grades in some
deposts,
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