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a b s t r a c t

The Mwale Formation that constitutes the base of the Nguba Group in the Neoproterozoic Katanga
Supergroup has recently attracted renewed interest for copper mineral exploration. We present new field
observations combined with detailed logging and petrography of MWAS0001 drill hole at Shanika
syncline in the Tenke Fungurume Mining District. Our study has enabled us to subdivide the Mwale
Formation into 7 distinct sequences. This succession is host to glaciogenic, glaciomarine, glaciofluvial and
glaciolacustrine deposits. Glaciomarine beds are typically a deposit by debris flow in deep water marine
environment, induced by basin wide tectonics and glaciation influence. Glaciofluvial beds were depos-
ited in shallow water, fluvial deltaic environment. The glaciolacustrine environment is indicated by
dropstones occurring in the laminated mudstone and rhythmites with dispersed clasts observed in the
siltstone and conglomerate. These beds are interlayered within the glaciogenic beds, and are charac-
terised by variable clast composition (felsic, mafic and metamorphic). The clasts are very poorly sorted,
angular, rounded to moderately rounded, faceted or striated, and supported in a sandy argillaceous or
mud matrix.

Two main episodes of sulphide mineralisation are distinguished in the Mwale Formation. The
diagenetic episode consists of disseminated euhedral and framboidal pyrites. The hydrothermal episode
is associated with Mg-metasomatism and characterised by low grade copper mineralisation that occurs
(i) in veins filled with carbonate-chlorite and carbonate-quartz-chlorite-Cu sulphides, such as chalcocite,
chalcopyrite and bornite, and (ii) as disseminated sulphides within the host rock. This second episode is
late to post-orogenic and can be correlated with late brittle tectonics within the Lufilian arc. The other
alteration types include silicification and potassic alteration; however, these alterations are not associ-
ated with mineralisation.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The Congo Copperbelt in the central part of Africa (Fig. 1) is
known for its world class Cu-Co and Cu-Pb-Zn mineralisation
hosted within different stratigraphic levels of the Katanga Super-
group (Cailteux et al., 2005; De Waele et al., 2006; Haest and
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Muchez, 2011; Hitzman et al., 2012). Most of the Cu-Co deposits in
the Congo Copperbelt are hosted within the lower part of the Roan
Group. Thus, extensive exploration activities within the copperbelt
focussed on the Roan Group. Both Nguba and Kundelungu Groups
are still less explored although during the last five years some Cu-
(Zn-Pb) mineralisations were discovered within them. The dis-
covery of the Kamoa deposit (Broughton and Rogers, 2010) located
approximately 25 kmwest of the Kolwezi Mining District, where Cu
mineralisation is hosted in the diamictite (Mwale Formation-Ng1.1,
Table 1), has induced interest for the Nguba Group rocks. Similar
style of mineralisation is also found at the Fishtie deposit in central
north Zambia (Hendrickson et al., 2015) and at the Tenke Fungur-
ume Mining District (TFMD), one of the largest Cu-Co mining dis-
tricts in the Congo Copperbelt in the south-eastern part of the
Democratic Republic of Congo (DRC) (Schuh et al., 2012).

Most of the previous studies on the Katanga Supergroup dia-
mictites focussed on detailed lithology, geochronology, stratig-
raphy, and very few on ore petrology (Batumike et al., 2006; Binda
and Van Eden, 1972; François, 1973; Hendrickson et al., 2015; Key
et al., 2001; Master et al., 2005; Master and Wendorff, 2011;
Schmandt et al., 2013). Glaciogenic and glaciomarine deposits are
interpreted as the main characteristic of the Mwale Formation in
the Congo-Zambia Copperbelt, but they are also described in other
Neoproterozoic diamictites such as in the West Congolian belt in
the western part of DRC (Delpomdor et al., 2016), the Chuos For-
mation in Namibia (Le Heron et al., 2013), the Granville Formation
in France and the Gaskiers Formation in Canada (Eyles, 1990), the
Atud diamictite in Egypt and the Nuwaybah diamictite in Saudi
Fig. 1. Location of the Tenke Fungurume Min
Arabia (Ali et al., 2010). Glaciofluvial deposits characterised by
continental glaciation were mentioned in the northern part of the
Congo Copperbelt (Wendorff and Key, 2009).

A recent exploration drill hole (MWAS0001) in the central part
of the TFMD intercepted the Mwale Formation, revealing previ-
ously unrecognised lithological succession and interesting Cu
mineralisation. This Cu mineralisation is hosted within a particular
lithostratigraphic succession not recognised before in the Katanga
Supergroup. The identified sequences include glaciogenic, glacio-
marine, glaciofluvial and glaciolacustrine units. Based on petrog-
raphy, sedimentology andmineralogy, the aims of this paper are: (i)
to describe the different facies of the diamictite and their rela-
tionship with Cu mineralisation, (ii) to discuss the depositional
model of the diamictite, and (iii) to investigate the origin of Cu
mineralisation and its spatial distribution.
2. Geological setting

The Katanga Supergroup in the central part of Africa extends
from the northern part of Zambia to the southeastern part of DRC.
This Supergroup is ~10 km-thick and commonly subdivided into
three groups based on the presence of two regional diamictites:
Roan (R), Nguba (Ng) and Kundelungu (Ku) groups from bottom to
the top (Table 1; Batumike et al., 2007a; François, 1973). The two
regional diamictites represent two worldwide glacial events during
the Neoproterozoic time (Godd�eris et al., 2003; Hoffman et al.,
1998; Young, 2002). The older diamictite named Grand Con-
glom�erat or Mwale Formation (~720Ma) can be correlated with the
ing District within the Congo copperbelt.



Table 1
Lithostratigraphy of the Neoproterozoic Katanga Supergroup (Cailteux et al., 1994, 2007; Batumike et al., 2007a) including ages from Hanson et al. (1993), Armstrong et al. (2005), Master et al. (2005) and Graham et al. (2016).

Supergroup Ages Group Subgroup Formation Members & lithologies

Katanga

~570 Ma

Kundelungu Ku

Biano Ku 3 Arkoses, conglomerates, argillaceous sandstones, sedimentary breccias

Ngule Ku 2
Sampwe - Ku 2.3 Dolomitic pelites, argillaceous to sandy siltstones
Kiubo - Ku 2.2 Dolomitic sandstones, siltstones and pelites
Mongwe - Ku 2.1 Dolomitic pelites, siltstones, sandstones and sedimentary breccias

Gombela Ku 1

Lubudi - Ku 1.4 Pink oolitic limestone
Kanianga - Ku 1.3 Carbonate siltstones, shales and sedimentary breccias
Lusele - Ku 1.2 Pink to grey micritic dolomite (Calcaire Rose)

~635Ma Kiandamu - Ku 1.1 Petit Conglom�erat tillite/diamictite

Nguba Ng

Bunkeya Ng 2 Monwezi - Ng 2 Dolomitic sandstones, siltstones and pelites
Katete - Ng 2.1 Dolomitic sandstones or siltstones in northern facies; alternating shale and dolomite beds

(“S�erie R�ecurrente”) in southern facies

Muombe Ng 1

Kipushi - Ng 1.4 Dolomite with dolomitic shale beds
Kakontwe - Ng 1.3 Carbonates
Kaponda - Ng 1.2 Carbonate shales and siltstones; dolomie Tigr�ee at the base

~720 Ma Mwale - Ng 1.1 Grand Conglom�erat tillite/diamictite

Roan R

Mwashya (formerly
Upper Mwashya) R 4

Kanzadi - R 4.3 Sandstones or alternating siltstones and shales
Kafubu - R 4.2 Carbonaceous shales
Kamoya - R 4.1 Dolomitic shales, siltstones, sandstones, including conglomeratic beds and cherts

in variable position

Dipeta R 3

Kansuki - R 3.4 Dolomites including volcaniclastic beds (formerly Lower Mwashya)
Mofya - R 3.3 Dolomites, arenitic dolomites, dolomitic siltstones
R 3.2 Argillaceous to dolomitic siltstones with interbedded feldspathic sandstones or

white dolomites; intrusive gabbros
RGS - R 3.1 Argillaceous dolomitic siltstones (R.G.S., ”Roches Gr�eso-Schisteuses“)

Mines R 2

Kambove - R 2.3 stromatolitic, laminated, shaly or talcose dolomites; locally sandstones at base;
beds of siltstones at top

Shales Dolomitiques - R 2.2 Dolomitic shales including three carbonaceous horizons; occasional dolomites
Kamoto - R 2.1 Stromatolitic dolomite (R.S.C.), silicified/arenitic dolomites (R.S.F./D.Strat.), grey

argillaceous dolomitic siltstone at the base (Grey R.A.T.)

R.A.T. R 1
Red argillaceous dolomitic siltstones and sandstones (“Roches Argilo-Talqueuses”)

833 ± 10 Ma
Base of the R.A.T. sequence unknown

<900 Ma Basal conglomerate
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Sturtian glaciation and the younger Petit Conglom�erat or Kyan-
damu Formation (~635 Ma) can be correlated with the Marinoan
glaciation (Armstrong et al., 2005; Batumike et al., 2006, 2007a;
Cailteux et al., 2007; François, 1973; Graham et al., 2016; Key
et al., 2001; Master and Wendorff, 2011). The presence of these
Neoproterozoic diamictites overlain by cap carbonates is consid-
ered as evidence for global icehouse periods (snowball earth)
during the Cryogenian (Boyle et al., 2007; Hoffman and Schrag,
2002; Hoffman et al., 1998), but diamictites can also reflect deep-
water deposition with both tectonic and indirect glacial in-
fluences (Delpomdor et al., 2016; Eyles and Januszczak, 2004).
Detrital zircons from the Mwale formation present a large popu-
lation of Paleoproterozoic age and minor populations of Meso-
proterozoic and Archean ages (Batumike et al., 2007b; Master et al.,
2005). This suggests that the Congo craton, the Bangweulu block,
the Kibara belt, the Irumide belt and the Choma Kalomo block
supplied sediments in the Katanga basin (Batumike et al., 2007b;
Hanson et al., 1993; Master et al., 2005).

The Roan Group consists of clastic sedimentary rocks and car-
bonates, mainly dolomites and dolomitic shales (Cailteux, 1994;
François, 1987; Oosterbosch, 1962). The Roan sediments were
deposited in a basin that evolved from a continental rift to a proto-
oceanic (Afar/Red Sea type) rift linked to the breakup of the Rodinia
supercontinent (Kampunzu et al., 2000; Meert and Van der Voo,
1997; Tembo et al., 1999). The Mwashya Subgroup at the top of
Roan Group (Cailteux et al., 2007) and the overlying Nguba and
Kundelungu Groups form thick carbonate and siliciclastic se-
quences that were deposited in a wider basin corresponding to a
major phase of extensional tectonics and normal faulting that
marked the transition to a Red Sea-type proto-ocean (Buffard,1988;
Kampunzu et al., 1993).

The Katanga Supergroup sediments were affected by the Lufilian
orogeny that operated through three major tectonic phases
(Kampunzu and Cailteux, 1999). The first phase (D1) or Kolwezian
Fig. 2. Location of drill holes MWAS001 an
phase was a northward verging folding and thrusting event which
is considered to be coeval to themain deformation phasewithin the
Zambezi belt. The second phase (D2) or Monwezian phase was
characterised by large left-lateral strike-slip faults. The third phase
(D3) or Shilatembo phase was marked by compressional structures
transverse to the NWgeneral trend of the belt. The Lufilian orogeny
produced two contrasting domains, fold and thrust belt to the
south named Lufilian arc, and the tabular Katangan aulacogen or
foreland to the north (Fig. 1). This tectonic model was detailed by a
fault kinematic analysis and palaeostress inversion that revealed a
total of eight brittle deformation stages, from the peak of the
Lufilian orogeny to the East African rifting (Kipata et al., 2013).

Cailteux et al. (2005), De Waele et al. (2006), El Desouky et al.
(2009), Haest and Muchez (2011) and Selley et al. (2005) pro-
posed a multistage model for the origin of the Cu-Comineralisation
in the copperbelt. Supergene alteration of Cu-Co minerals and late
remobilisation of mineralisation are common phenomenon in the
upper oxidation zone (Batumike et al., under review; Cailteux et al.,
2005; De Putter et al., 2010; DeWaele et al., 2006; El Desouky et al.,
2010; François, 2006; Taylor et al., 2013). In the Katangan foreland
(Fig. 1), El Desouky et al. (2008) postulated a post-orogenic fluid-
emixingmodel controlled by strike-slip faults. Muchez et al. (2008)
and VanWilderode et al. (2013, 2014, 2015) used Sr and Nd isotopes
to characterise the Cu-Co mineralising fluid in several deposits in
the copperbelt. According to these authors, the mineralising fluid
had interacted with basement rocks of mafic and felsic composi-
tion, and siliciclastic sedimentary rocks.

The Shanika syncline in the central part of the TFMD contains
mostly the rocks belonging to the Nguba Group, Mwashya Sub-
group and Kansuki Formation (Figs. 2 and 3). This package that
overlies the Dipeta Subgroup through an unconformity is defined
as a klippe (François, 2006; Schuh et al., 2012). Three small Cu-Co
mineralised tectonic sheets of the Mines Subgroup occur to the
south of the Shanika syncline along an E-W fault. The structural
d MWAS002 in the Shanika syncline.



Fig. 3. Cross-section showing the stratigraphic succession in the Shanika syncline.
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aspects of Katanga Supergroup rocks in the TFMD reflect the main
tectonic phases that affected the Lufilian arc (François, 1987, 2006;
Jackson et al., 2003; Kampunzu and Cailteux, 1999; Kipata et al.,
2013).
3. Methods

The lithostratigraphical succession presented in this paper is
based on field observations at the Shanika syncline, detailed log-
ging of two drill holes (MWAS0001 and MWAS0002) and
Table 2
Summary of lithologies, structures, mineralisation and depositional environment of the

MWAS0001 (Depths in meter) Unit
(Thickness in meter)

Lithologies and sedimentologi

Not intercepted by drilling U7
>20 m

Diamictite with argillaceous m

00.00e2.800 U6
~52 m

Soil
2.80e10.82 Siltstone conglomerate. Rhyth
10.82e20.60 Mudstone with dropstone
20.60e68.30 Diamictite with massive and fi

matrix. Greywacke and shale b
68.30e180.00 U5

30 - 160 m
Orthoconglomerate, arkosic sa
Cross bedding, erosional surfac
and roll marks.

180.00e225.50 Diamictite with sandy argillac

225.50e242.40 U4
~22 m

Diamictite with laminated arg
Lithic greywacke with greywa

242.40e330.60 U3
40 -110 m

Diamictite with sandy argillac
and greywacke beds

330.60e356.15 U2
20 - 80 m

Orthoconglomerate, arkosic sa
Neptunian dykes and sill injec
slumps, groove marks and ero

356.15e356.55 Diamictite with sandy massive

356.55e380.40 Orthoconglomerate, arkosic sa
Slumps and erosional surfaces

380.40e383.80 Diamictite with sandy massive
383.80e448.00
E.O.H

U1
>200 m

Orthoconglomerate, arkosic sa
Sill injections, slumps, groove,

Not intercepted by the drilling Diamictite with argillaceous m
Not intercepted by the drilling Kansuki Formation (R3.4) and the Mwashya Subgrou
macroscopic description of rocks in the Tenke Fungurume conces-
sion. Representative samples of each lithological unit from the drill
hole MWAS0001 were collected for a petrographic study. Thin
sections were prepared at the University of New England and a
detailed microscopic descriptionwas done on Leica dm750p model
petrographic microscope. Modal composition of the rocks was
determined by counting statistics on outcrops and drill core. On
half drill cores, clasts were measured on sections of 1 or 2 m in-
terval and converted to volume. On thin sections, the modal
composition was determined visually using the standard diagrams
Mwale Formation in the Shanika syncline.

cal characteristics Ore minerals Deposition

atrix Glaciogenic

mites with dispersed clasts Glaciolacustrine

nely laminated argillaceous
eds.

Pyrite associated with chlorite. Glaciogenic

ndstone, siltstone and shale.
es, load deformation, groove

Pyrite, chalcopyrite, bornite
associated with chlorite

Glaciofluvial

eous matrix. Pyrite and chalcopyrite
associated with chlorite

Glaciogenic

illaceous sandy matrix and
cke beds.

Pyrite associated with chlorite.

eous and argillaceous matrix Pyrite, chalcopyrite, bornite
associated with chlorite

ndstone, siltstone and shale.
tions. Bouma sequences,
sional surfaces.

Pyrite and chalcopyrite
associated with chlorite

Glaciomarine

matrix Pyrite, chalcopyrite, chalcocite
associated with chlorite

Glaciogenic

ndstone, siltstone and shale.
.

Glaciomarine

matrix Glaciogenic
ndstone, siltstone and shale.
roll and flute marks

Pyrite and chalcopyrite
associated with chlorite

Glaciomarine

atrix Glaciogenic
p (R4)



Fig. 4. Sedimentary structures and soft sediment deformation structures: (A) Neptunian dykes per descensum and sills by injection shales; (B) and (C) Scour and toll mark, (D) Balls
and pillows structure, (E) Load structure, (F) Erosional surface, (G) Bouma sequence; (H) Cross bedding in arkosic sandstone.
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of Terry and Chillingar (Berkman, 2001). The lithostratigraphical
subdivision was based on the occurrence of different sedimentary
facies within the glacial, marine, fluvial and lacustrine deposits
constituting the Mwale Formation.
4. Stratigraphy and petrography

Drill hole MWAS0001 intercepted only the Mwale Formation.
The description of the Mwashya Subgroup (R4) and Kasunki For-
mation (R 3.4) are based on the field observations as these rocks
crop out in the Shanika syncline (Fig. 2). The Kansuki Formation
(formerly Lower Mwashya, Table 1) consists of siliceous dolomite
with hematite and dolomite veins, oolitic dolomite and banded iron
beds. TheMwashya Subgroup (formerly Upper Mwashya, Table 1) is
represented by the Kamoya Formation (R 4.1) consisting of sand-
stones and shales. The Dipeta Subgroup (R3) was intercepted by the
MWAS0002 drill hole but also crops out in the Shanika syncline. Its
lithologies consist, from bottom to top, of massive dolomite,
calcareous dolomite and laminated talc-rich dolomite (Fig. 3).

Seven different units were identified within the Mwale Forma-
tion based on lithology (mainly the presence of diamictite layers),
petrography and sedimentary features (Table 2). The contact be-
tween the Mwale Formation and the underlying Mwashya Sub-
group is characterised by an erosional surface.

Unit 1 (U1, up to 200 m thick) at the base, consists of a dia-
mictite, which is overlain by alternating massive conglomerate,
fine-to coarse-grained sandstone, thin-to thick-bedded siltstone,
laminated and thinly-bedded mudstone. The lower beds of this
diamictite were not intercepted by the MWAS0001 drill hole, but
were observed on outcrop (Figs. 2 and 3). The thickness of this
diamictite layer varies from 25 to 120 m and the clasts are poorly
sorted in a massive argillaceous matrix. Clasts include quartz and
quartzite (62e85 vol %), dolomite (5e10 vol %), sandy dolomite
with hematite spots (3e10 vol %), granite (3e5 vol %), shale
(2e5 vol %), micaschist (1.5e4 vol %), jasper (0.5e1 vol %), sand-
stone (0.5e1 vol %) and oolitic dolomite (0.5 vol %).

The conglomerate can be classified texturally as an orthocon-
glomerate. It is made up of poorly sorted clasts of quartzite, sand-
stone and stratified or massive siliceous dolomite within a sandy
matrix. Coarse-grained quartz is more abundant than fine-grained
quartz in thematrix. Themassive sandstone (10m thick) consists of
angular to subrounded quartz grains, minor biotite and weathered
orthoclase. Siltstone beds (1e1.20 cm thick) with local fine lami-
nations are interlayered with laminated mudstone (1e10 cm thick).

Soft Sediment Deformation Structures identified within Unit 1
include neptunian dykes and injection structures (Fig. 4a).
Erosional surfaces, grooves, bounce marks, roll marks and flute
marks are common in the mudstone and siltstone beds (Fig. 4b and
c). Load structures including balls and pillow structures can be
observed at the contact between massive sandstone and the un-
derlying laminated mudstone beds (Fig. 4d). Locally, some sand-
stone sill injections and slump structures are observed in the
bedded mudstones. The sedimentary structures recognised in the
upper beds of U1 are typical of a gravity flow deposition in deep
water.

Unit 2 (U2, 81 m thick) is constituted of a 45 m-thick diamictite
overlain by two sets of orthoconglomerate, sandstone, siltstone and
mudstone beds. These sets have different thicknesses; the first set
is 26 m thick and the second 10 m thick. This succession was also
described at the Mamfwe anticline, north of the Kimweulu syncline
(Cailteux, 1991). Erosional surfaces and grooves are common at the
contact between siltstone and laminated mudstone. Detailed ex-
amination of samples suggests that there is no significant change in
the petrography of the orthoconglomerate, sandstone, siltstone and



Fig. 5. Host-rock petrography: (A) Diamictite, (B) Lithic greywacke with large rounded tourmaline, (C) Lithic clasts of mafic volcanics, and quartzite and fine grained siltstones, (D)
Large pebble (10 cm) of a granitic orthogneiss. This rock shows a gneissic foliation. (E) Arkose nature of the mineralised host-rock. Note the vein and large euhedral pyrite (opaque),
PPL (F) Same section in XPL.

P. Mambwe et al. / Journal of African Earth Sciences 129 (2017) 1e12 7
mudstone from U2 and U1. Locally the succession illustrates a
Bouma-type sedimentary sequence. Bouma-type sequence and the
deposition of the orthoconglomerate through shearing on the
sandstone are characteristic of a turbidite deposit (e.g.,
Shanmugam, 1997). The diamictite includes striated and faceted,
rounded to subrounded clasts of quartzite (60 vol %), granite (15 vol
%), siltstone (10 vol %), sandstone (5 vol %), quartz (5 vol %) and
orthoclase (4 vol %) in a greenish grey massive sandy matrix.

Unit 3 (U3, 110 m thick) is a greenish grey to black diamictite
with an argillaceous to sandy massive matrix. The clasts include
quartzite (20e40 vol %), sandstone (15e20 vol %), granite (5 vol %),
micaschist (5 vol %), shale (4e5 vol %), siliceous dolomite (0.5e1 vol
%), jasper (0.5e1 vol %) and gneiss (1 vol %). Most of the clasts are
rounded with few subrounded to angular or striated clasts. The
diamictite also includes greywacke beds with localised graded
bedding (up to 13 cm thick), argillaceous laminated mudstone beds
(up to 35 cm thick) and siltstone beds (up to 30 cm thick). Erosional
surfaces similar to those described in U2 are also observed within
this diamictite, especially at the contact with the greywacke beds.
Chloritisation is more pronounced in greywacke beds especially
where graded beddings are observed. On thin section, the grey-
wacke is very similar to the diamictite described above but the
greywacke matrix is far less than 15 vol % and mono-mineralic
quartz grains are abundant.

Unit 4 (U4, 22 m thick) is a chlorite-rich diamictite with a
laminated argillaceous sandy matrix. It contains abundant pyrite,
and locally the matrix becomes massive argillaceous or sandy
(Fig. 5a). Some greywacke layers (up to 20 cm thick) are also found
within the diamictite. The clasts include quartzite (40e50 vol %),
granite (10 vol %), sandstone (10 vol %), micaschist (4 vol %), gneiss
(2 vol %), shale (1 vol %), jasper (1 vol %), siliceous dolomite (0,
5e1 vol %) and orthoclase (0.5 vol %). This diamictite with a lami-
nated argillaceous sandy matrix is described under microscope as a
lithic greywacke and was observed on samples from 227 m, 228 m
and 232 m of drill hole MWAS0001. The matrix consists of mud,
chlorite and carbonate. The matrix also includes mono-mineralic
quartz grains, with lesser feldspars and minor chlorite after mafic
phases (Fig. 5c). It is very fine-grained and commonly between 30
and 70 vol %. Rare detrital grains of muscovite and zircon are also
observed. Rounded brown to greenish blue tourmaline (in plane
polarised light) is a common accessory mineral and reaches sizes
up to 1 mm (Fig. 5b). The lithic fragments are typically poorly
sorted, angular, rounded to moderately rounded and range in size
from millimetre to centimetre. They are of variable composition
with clasts of felsic (Fig. 5d) or mafic orthogneisses, quartzites and
schists. Other un-metamorphosed fragments include mafic volca-
nics, sandstone, micritic carbonate and graphite-rich clasts.

Unit 5 (U5, 160 m thick) consists of a diamictite, which includes
sandstone, siltstone, shale and orthoconglomerate layers in its
upper part. The clasts constituting the diamictite include quartzite
(50 vol %), siliceous dolomite (10 vol %), quartz (10 vol %), granite
(7 vol %), mica schist (5 vol %), sandstone (3 vol %), basalt (~1 vol %),
shale (~1 vol %) and orthoclase (~1 vol %) in a chlorite-rich massive
argillaceousmatrix. Some angular-shaped hematite concretions are
observed, replacing carbonate clasts or filling fractures.

Lenses of detrital packages are found in the diamictite showing
erosional surface contacts, which suggests intermittent sedimen-
tation. The orthoconglomerate (1e2 m thick) contains well-sorted,
rounded clasts of quartzite (50e65 vol %), quartz (10e20 vol %),
sandstone (5 vol %) and siliceous dolomite (3 vol %) within an iron-
rich massive to laminated sandy matrix. Massive sandstones
(10e20 cm thick) contain some conglomeratic and arkosic beds,
and silstones (15e20 cm thick) are bedded and locally show cross
bedding. Shales (10e15 cm thick) are laminated and characterised
by planar to wavy bedding. Some sequences with basal orthocon-
glomerate overlain successively by sandstone, siltstone and shale
beds are observed. Cross bedding is very common inside these
sequences and the sandy beds are well sorted and show graded
bedding. Post-depositional structures and soft sediment deforma-
tion structures are similar to those described in Unit 1 (Fig. 4cef
and h).

The sandstones are described as arkosic sandstones, mineral-
ogically immature and moderately well sorted. They are charac-
terised by the presence of cross bedding, lamination and rip-up
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clasts of very fine mudstone and/or graphitic material. Grains are
monocrystalline and typically tabular or angular in shape (Fig. 5e
and f). Mineral grains identified in the sandstone include abundant
chlorite (35 vol %) and feldspars (35 vol %), angular quartz (~10 vol
%) and hematite (2 vol %). Rip-up clasts constitute the remaining
~10 vol % of the rock volume. The quartz grains are clean and some
have undulose extinction under crossed polars. Chlorite grains form
after mafic minerals, possibly pyroxenes and amphiboles that have
undergone chloritisation at some stage. The feldspars are
commonly dusty and sericitised, and both K-feldspars and plagio-
clases are recognised. These arkosic sandstones contain lamina-
tions on a millimetric scale of fine mud and carbonaceous material,
and occasionally rip-up clasts. The fine matrix is dominated by
opaque iron oxides. Detrital Fe-Ti oxides (ilmenite), hematite,
detrital grains of muscovite and rutile, rare zircon and tourmaline
constitute the accessory phases in the matrix. This mineralogical
composition indicates that the sediment derived from a domi-
nantly mafic source with a felsic component.

Unit 6 (U6, 52m thick) starts with a 34m-thick diamictite with a
massive or finely laminated argillaceous matrix. The clasts are
dominantly striated and consist of quartzite (88 vol %) and sand-
stone (10 vol %) with rare feldspar and quartz clasts. This diamictite
is overlain successively by massive mudstone (8 m thick) and
massive to bedded conglomeratic siltstone (10 m thick) that in-
cludes greywacke (up to 2 m thick) and bedded mudstone (2e3 m
thick). Rare rounded clasts of shale and quartzite up to 1 cm in
diameter and a chlorite-rich matrix constitute the conglomeratic
siltstone. Some dropstones are also recognised in the massive
mudstones. Quartz-hematite veins (1e1.5 cm thick) are common in
this unit. Iron oxides and chlorite are very common in fractures and
along the bedding.

Unit 7 (U7) was not intercepted by the drill hole MWAS0001 but
was mapped on outcrops. The contact between U7 and U6 is
characterised by an erosional surface. Unit 7 is a diamictite with
poorly-sorted clasts in a chlorite-rich massive sandy matrix. The
clasts include quartzite (60 vol %), micaschist (9 vol %), massive
dolomite (8 vol %), quartz (7 vol %), bedded siliceous dolomite (5 vol
%) and granite (5 vol %). Quartz-chlorite, quartz-hematite and
Fig. 6. Mineralisation types: (A) Pyrite mineralisation within a graphitic clast, and a vein w
note the late carbonate vein, (C) Bladed hematite within a carbonate quartz rich vein, (D)
selvedge. Twinning can be seen in the feldspars, (E) Vein selvedge of feldspar followed by
quartz-hematite-chlorite veins crosscut both the matrix and clasts.
Some larger clasts (up to 30 cm) are present at the base of U7, and
some of them are striated.

5. Metallic mineralisation

Metallic mineralisation is found as disseminated sulphide grains
in diamictite units with sandy and greywackematrices (U2 and U3),
in lithic greywacke (U4), and in orthoconglomerate, arkosic sand-
stone and siltstone (U5). Vein-hosted Cu mineralisation is found
mostly in diamictite with a mud matrix and in mudstone (U1 to
U5). The Units 6 and 7 do not have Cu mineralisation but some
framboidal pyrites are disseminated in conglomeratic siltstone
within these units. In general, there is a clear association between
chlorite and mineralisation.

5.1. Mineralisation in U1, U2 and U3

The sandstones of U1 do not have disseminated sulphides (py-
rite or Cu sulphide). The main Cu mineral is chalcopyrite and is
restricted to the carbonate veins. Quartz veins with less carbonate
or hydrothermal feldspar (adularia) are not mineralised. Authigenic
chlorite-rich matrix that characterise the U2 diamictite contains
disseminated pyrite, chalcopyrite and chalcocite.

The diamictite from U3 with a greywacke matrix is locally
fractured and brecciated. Dolomite with minor fine-grained
bornite, chalcopyrite, chlorite and hematite fill the fractures. Py-
rite and chalcopyrite crystals are found disseminated only in the
greywacke beds and in the interbedded layers of the diamictite
characterised by a sandy matrix. Some horizons within this dia-
mictite contain framboidal and fine euhedral pyrite crystals. These
sulphides are associated with chlorite, especially in the fractures
which affected both the matrix and clasts. Some sulphides are also
found rimming the clasts of granite, micaschist, sandstone,
quartzite and quartz. Two types of carbonate veins are distin-
guished, one is brownish to yellowish and contains pyrite, chalco-
pyrite and bornite and the other type is white and without
sulphides. The second type is posterior to the precipitation of
ith pyrite cutting this graphitic clast, (B) Gabbroic clast with numerous chlorite veins,
Top left corner of photo represents the host rock, note feldspar growth along the vein
a later quartz infill, (F) Chalcopyrite and dolomite vein (reflected image).
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sulphide mineralisation.

5.2. Mineralisation in U4

The lithic greywacke contains very fine-grained disseminated
pyrite throughout the matrix. Some mafic clasts commonly include
pyrite that increases in concentration and grain size towards the
core of the clast. Quartz-carbonate veins are rich in pyrite in places
where they crosscut graphitic or carbonaceous layers. Fig. 6a shows
abundant pyrite in a quartz-carbonate vein that crosscuts a fine-
grained carbonaceous clast.

Three generations of veins are observed and their width varies
from millimetre to centimetre. The two oldest generations are not
observed to crosscut each other so their timing relationship is un-
known, but they are compositionally different. The first vein gen-
eration is constituted by quartz with traces of carbonate
(dolomite?). The larger veins commonly have feldspar (adularia) as
the first phase to precipitate on the selvedges. Quartz is often a
minor component commonly associated with adularia, but in var-
iable amount. Fine-grained filamentous, mm-wide veins are
sometimes dominated by adularia and quartz. Adularia, carbonate
and quartz veins have a core filledwith bladed hematite up to 2mm
wide, suggesting the oxidation of the fluid (Fig. 6c). The second
generation is characterised by a fine network of chlorite-carbonate
veins (Fig. 6b). The third generation is a carbonate-chlorite vein
containing Cu sulphides and cuts the two early vein generations.

5.3. Mineralisation in the U5

Euhedral and framboidal pyrite, chalcopyrite and bornite are
found disseminated in the sandy matrix of orthoconglomerate,
arkosic sandstone and siltstone beds. However, more sulphides are
found where authigenic chlorite is abundant. Locally, fine bornite
and chalcopyrite crystals are found disseminated in chlorite-rich
sandstone.

In the fluvial facies of Unit 5, millimetric veins comprise fine-
grained (0.25 mm) feldspar (adularia) nucleating as vein-selvedge
and growing inwards, occasionally with quartz (Fig. 6d and e).
Other veins include coarse-grained quartz, carbonate (calcite),
chalcopyrite and later pyrite. Chalcopyrite is restricted towhere the
vein intersects carbonaceous mud layers, which represent a
reduced environment and contain locally abundant framboidal
pyrite. This local environment recognised in some horizons is fav-
oured to precipitate copper from the fluids through the oxydo-
reduction reaction.

In the diamictite, euhedral pyrite crystals are the dominant
sulphides compared to chalcopyrite. Framboidal pyrite is usually
found replaced by chalcopyrite or with chalcopyrite overgrowth.
Pyrite and chalcopyrite are also found on the rims of clasts, along
the fractures and always associated with chlorite. The diamictite
contains a lot of small clasts (<1 cm) rich in chlorite with a lot of
pyrite and chalcopyrite. There are also some dolomite veins con-
taining pyrite, chalcopyrite, hematite and minor chlorite.

6. Discussion

6.1. Depositional model

The Mwale Formation within the Katangan basin hosts several
depositional facies including continental, glaciogenic and glacio-
marine sediments (Binda and Van Eden, 1972; Master and
Wendorff, 2011). The lithological succession defined at Shanika
syncline (Fig. 3) contrasts with the succession observed at the
Kamoa Cu deposit where only siltstone and greywacke are inter-
bedded within the diamictite (Schmandt, 2012; Schmandt et al.,
2013). Although the upper part of the diamictite do not occur at
Shanika syncline, the Mwale Formation shows at least seven glacial
sequences, corresponding to the seven units described above. Each
glacial episode was succeeded by marine, fluvial or lacustrine epi-
sodes. The contact between the glaciofluvial and glaciomarine units
with the glaciogenic units is marked by an erosional surface (e.g.,
U1, U2 and U5). This suggests that the deposition of the diamictite
layer was followed by an alternation of quiet and turbulent periods
in the basin.

The lithological succession of the Mwale Formation at Shanika
syncline shows a vertical variation over time. Glaciogenic sedi-
ments are hosted within glaciomarine sediments, suggesting a
proglacial marine facies zone. It is followed by a succession of
glaciogenic beds within glaciofluvial and glaciolacustrine facies,
which we interpret as indication of a proglacial zone in terrestrial
landforms. These two distinct paleoenvironments indicate that the
glacial conditions alternated during two episodes of advancing and
retreating ice sheets, (as discussed by Reading, 1996). Similar ob-
servations have been described in the Upper Smalfjord Formation
of the Upper Proterozoic at north Norway (Edwards, 1984).

6.1.1. Evidence for a marine setting
Some successions identified in U1 and U2 are typical of a Bouma

sequence, consisting of orthoconglomerate overlain by arkosic
sandstone, siltstone and massive and laminated mudstone. Slump
structures are also observed in these sequences. This Bouma
sequence is a characteristic of turbidites within debris flow de-
posits in a marine environment (Eyles, 1990). The debris flow de-
posits are also common in the upper diamictite of the West
Congolian (Delpomdor et al., 2016). In the case of the Mwale For-
mation, the debris flow deposition was normally induced by basin-
wide tectonic movement (Buffard, 1988; Kampunzu et al., 1993)
and glacial influence. The neptunian dykes with sand filling cracks
in themudstone, and sill injections characterised by the injection of
mudstone in sandstone beds, groove and roll marks in mudstone
beds and erosional surfaces observed in the U1 and U2 are indic-
ative of a deep water marine environment. These observations
suggest that the Mwale Formation includes several marine condi-
tions and cannot be considered as deposited during a single gla-
ciomarine event (e.g., U1 and U2). The deposition of marine beds
within a diamictite is also mentioned in other Neoproterozoic
diamictites (Ali et al., 2010; Eyles and Januszczak, 2004).

6.1.2. Evidence for fluvial and lacustrine settings
Glaciofluvial sedimentation in a shallow water delta environ-

ment of the Mwale Formation is indicated by the presence of high-
angle cross bedding, rip-up clasts, the immaturity of the sandstone,
poor to moderate sorting of the clasts and the presence of some
angular clasts suggesting proximity to the source and rapid sedi-
mentation. Rhythmic sequences hosting arkosic sandstone and
siltstones with both massive and laminated mudstones are
observed. These mudstone beds are host to groove, roll and flute
marks, as well as load deformation structures such as some primary
inorganic sedimentary structures (Selley, 2000). These structures
are not only typical of a glaciomarine environment (e.g. U1 and U2);
they are also associated with glaciofluvial deposits at Shanika
syncline (e.g. U5). Soft sediment deformations in conglomerate and
sandstone of the glacial Smalfjord Formation (Northern Norway)
were also interpreted as indicative of glaciofluvial deposition
(Arnaud, 2008).

These primary inorganic sedimentary structures were also
described in other Palaeoproterozoic and Neoproterozoic glacial
deposits, e.g., Port Askaig Tillite in Scotland (Panahi and Young,
1997), Gowganda Formation in Canada (Young and Nesbitt, 1999),
Mineral Fork Formation in Utah (Young, 2002), and the Witvlei
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Group in Namibia (Gorjan et al., 2003). The Mineral Fork Formation
includes some mudrock layers within the diamictite, and locally
some turbidite features including graded bedding, flute and load
casts, and fine lamination. The upper set of mudstone and
conglomeratic siltstone in Unit 6 indicates a glaciolacustrine envi-
ronment. This is supported by the presence of dropstones in
massive mudstone as discussed by Reading (1996), also found in
the Late Proterozoic Adrar of Mauritania (Deynoux, 1985), and by
the rhythmites with dispersed clasts observed in the conglomeratic
siltstone.

6.1.3. Origin of the clasts
The clasts constituting the Mwale Formation in the Shanika

syncline include metamorphic and magmatic rocks (quartzite,
micaschist, granite, gneiss, orthoclase and quartz), and sedimentary
rocks (siliceous dolomite, oolitic dolomite, shale, sandstone and
jasper). Quartzite clasts are the most abundant (up to 85 vol %).
Some of these clasts are faceted or striated. Available geochrono-
logical data from detrital zircons and muscovite suggest that most
of the pre-Katangan rocks surrounding the Katangan basin sup-
plied the sediments (Batumike et al., 2007b; Master et al., 2005).
However, considering the location of Shanika syncline, the Kibara
belt, located to the north of the belt, is the best candidate for the
quartzite, micaschist, gneiss, granite, orthoclase and quartz clasts.
The sedimentary rock clasts may be of intrabasinal origin, deriving
from the underlying Mwashya Subgroup and part of the Kansuki
Formation in which these typical lithologies are observed (Cailteux
et al., 2007), and that are missing in the Shanika area. Similar
erosion of the Mwashya-Kansuki succession has been observed in
the Fungurume-Kolwezi area (Cailteux, 1991, 1994; Cailteux et al.,
2007; François, 1973).

6.2. Hydrothermal alteration

Vein-type Cu-Pb-Zn mineralisation in the Nguba Group along
the Congo Copperbelt was documented at Kipushi, Lombe and
Kengere (Chabu and Boul�egue, 1992; De Magn�ee and François,
1988; Intiomale and Oosterbosch, 1974; Kamona et al., 1999;
Kampunzu et al., 2009). These mineralisations are hosted in the
carbonates of Kaponda, Kakontwe and Kipushi formations and in
the shales and carbonates of the Katete Formation (Kampunzu
et al., 2009). However, at Kamoa, Tombolo, Fisthie and Shanika,
the mineralisation is hosted in the Mwale Formation that is
stratigraphically beneath the Kaponda and Kakontwe formations
(Batumike et al., 2007a). Cu mineralisation within the Mwale For-
mation exhibits different features within the Congo-Zambia Cop-
perbelt. At Kamoa, Cu mineralisation is associated with minor Zn
(sphalerite) (Schmandt et al., 2013) whereas it is associated with
iron oxide (magnetite) at Fishtie (Hendrickson et al., 2015). At
Shanika, Cu mineralisation is low grade and not associated with
other metals; however, hematite was locally observed in mineral-
ised veins, mostly toward the top of the succession.

The style of the mineralisation at Shanika syncline shows some
particular features. Euhedral and framboidal pyrites found in the
Mwale Formation at the Shanika may have a diagenetic origin.
Although they occur in the chlorite-rich matrix, they are also
observed where chlorite is absent. Diagenetic pyrites are known all
over the Congo-Zambia Copperbelt (Cailteux et al., 2005; De Waele
et al., 2006; El Desouky et al., 2009, 2010; Haest and Muchez, 2011;
Hitzman et al., 2012; Muchez et al., 2015; Schuh et al., 2012;
Schmandt, 2012). The precipitation of Cu minerals in dolomite-
chlorite veins, where these veins crosscut reduced horizons sug-
gest that the mineralising fluid was Mg-rich and the disseminated
Cu mineralisation could also be the result of the same mineralising
fluid in the porous rock.
Two main episodes of sulphide ore mineral precipitation are
found in the Mwale Formation at the Shanika syncline. The first
consists of diagenetic pyrite in the diamictite. The second is the
hydrothermal event recognised in the glagiocenic, glaciomarine
and glaciofluvial horizons, which indicates a possible vertical
zonation and lithological control (Table 2). This second generation
consists of dissemination of chalcopyrite, bornite and chalcocite in
the matrix of lithic greywacke, orthoconglomerate, arkosic sand-
stone and siltstone and the precipitation of Cu sulphides with py-
rite in carbonate-chlorite or carbonate-quartz-chlorite veins and in
fractures. These mineralised fractures crosscut both clasts and
matrix. In places, there is a replacement of earlier pyrite by chal-
copyrite or chalcopyrite rims around clasts. The vertical distribu-
tion, structural and lithological controls of Cu sulphide defined at
Shanika syncline are not similar to observations at the Kamoa and
Fishtie deposits (Table 2). At Fishtie deposit, high-angle normal
faults bear Cu mineralisation and a horizontal zonation is devel-
oped around each fault (Hendrickson et al., 2015). In contrast at
Kamoa, sulphides show a vertical zonation without structural
control. This zonation is recognised from the contact of the footwall
sandstone upwards through the lower diamictite to the lower py-
ritic siltstonewith chalcocite, bornite, chalcopyrite and pyrite zones
(Schmandt et al., 2013). This suggests different styles of minerali-
sation occur within the Mwale Formation in different geographical
locations inside the Katanga basin. The common aspect between
the observations at Shanika syncline and Kamoa is the presence of
sulphide rimming clasts, which is also observed in other locations
within the copperbelt.

Fay and Barton (2012) and Schuh et al. (2012) identified three
types of hydrothermal metasomatism in the Mines Subgroup
(Table 1) at TFMD: magnesian, sodic and potassic alterations.
Oosterbosch (1950) and Schuh et al. (2012) highlighted a close
relationship between Cu-Co sulphides and Mg-chlorite in the
‘Roches Silliceuses Feuillet�ees’ (RSF, Table 1) and ‘Dolomie Strat-
ifi�ee’ (D.Strat, Table 1) at Kwatebala (close to the Shanika syncline,
Fig. 2) and the Fungurume Cu-Co deposit. The Mwale Formation at
Shanika syncline also indicates a relationship between Cu sulphides
and magnesian hydrothermal alteration, i.e., the presence of chlo-
rite. Cu sulphides including chalcopyrite and bornite are abundant
in chlorite-rich layers. Muchez et al. (2008) also demonstrated the
presence of hypogene Cu mineralisation related to Mg-
metasomatism (chlorite) in the Congo Copperbelt. Potassic alter-
ation indicated by K-feldspar (adularia) as vein selvedge and silic-
ification with quartz vein have also affected the Mwale Formation;
however, no clear relationship is observed between potassic alter-
ation or silicification and Cu mineralisation at the Shanika syncline.
Contrastingly, Hitzman et al. (2012) indicated widespread potassic
alteration related to mineralisation in the Zambia Copperbelt.
Schmandt et al. (2013) indicated that potassic alteration and silic-
ification are also the main hydrothermal alteration stages control-
ling the precipitation of Cu mineralisation at Kamoa while the
magnesian hydrothermal alteration post-dates most sulphide pre-
cipitation (e.g., chalcopyrite, chalcocite, bornite and sphalerite). The
Kamoa deposit is lithologically similar to the siliciclastic-hosted
deposits of the Zambia Copperbelt (Hitzman et al., 2012;
Schmandt et al., 2013; Selley et al., 2005).

The magnesian metasomatism (chlorite) is late to post-orogenic
in the Congo Copperbelt. It should therefore correspond to one of
the extensional brittle tectonic stages (stage 4 or 5) of Kipata et al.
(2013). The fact that carbonate-chlorite-Cu sulphide veins crosscut
unmineralised carbonate-feldspar-quartz veins and feldspar-quartz
veins suggests that chloritisation was a late event. Hematite veins
are the result of a later oxididation, posterior to the deposition of
metals (Cailteux et al., 2005; Muchez et al., 2010). Similar vein-type
Cu mineralisation is known in the Mines Subgroup and was
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interpreted as related to a late hydrothermal and metasomatic
event affecting the copperbelt as observed at Kwatebala and Fun-
gurume Cu-Co deposits in the DRC and at the Fishtie Cu deposit in
Zambia (Hendrickson et al., 2015; Schuh et al., 2012).

7. Conclusion

Seven different lithological sequences (U1 to U7) are distin-
guished within the Mwale Formation at Shanika syncline. Each of
these units contains a basal diamictite overlain by orthoconglom-
erate, sandstone, siltstone, shale and mudstone layers. This in-
dicates that the Mwale Formation was deposited during several (at
least seven) sedimentary episodes which are characterised by gla-
ciogenic with glaciomarine sedimentation in the proglacial marine
facies zone and glaciogenic with glaciofluvial and glaciolacustrine
sedimentation in a terrestrial proglacial zone. Evidence of debris
flow induced by glaciation in the marine environment is indicative
of glaciomarine deposition (U1 and U2). The presence of high-angle
cross bedding, rhythmic deposition of siltstone and mudstone or
arkosic sandstone and siltstone in Unit 5 are characteristic of a
glaciofluvial environment. Occurrence of dropstones in laminated
mudstone beds and rhythmites with dispersed clasts observed in
the conglomeratic siltstone characterise a glaciolacustrine
environment.

The clasts in the diamictite beds are dominantly composed of
quartzite, and quartz, shale, sandstone, granite, dolomite, gneiss
and mafic rocks. Some of the clasts are faceted and striated with
varying size (mm to 80 cm of diameter). The matrix is mainly
constituted of angular to subangular clasts, indicating a short dis-
tance of transportation, and contrasting with rounded clasts (i.e.
long distance of transportation) present in the diamictite. This
suggests an immature nature of the matrix and a different prove-
nance of the clasts.

The mineralising fluid was Mg-rich as indicated by the presence
of abundant chlorite. The oxidised mineralising fluid reacted with
the reduced horizons to precipitate copper, getting the required
sulphur from these reduced layers that contain abundant fram-
boidal pyrite. The mineralised veins are associated with magnesian
alteration as indicated by abundant chlorite, and are younger than
feldspar and quartz veins that are characteristic of potassic alter-
ation and silicification. The same mineralising fluid could also have
affected the porous horizons of theMwale Formation as seen by the
presence of disseminatedmineralisation. ThisMg-metasomatism is
a late hydrothermal event compared to potassic alteration
(adularia) and silicification. This is similar to the magnesian hy-
drothermal activity identified in the Mines Subgroup (at Fungur-
ume deposit) and Mwale Formation (at Kamoa and Fishtie
deposits).
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