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A B S T R A C T

In the Domes Region of the Lufillian Belt, world-class stratiform Cu (±Co,±Ni,±U,± Pb,±Zn) deposits are
closely associated with tectonized pre-existing basement unconformities, viz. the pre-Katanga-basement
décollement (KD). In the KD footwall on the Mwombezhi Dome, the Lumwana Mine exploits mineralization
within<60m thick, laterally-extensive shear zones beneath kilometer-scale thrust sheets of Paleoproterozoic
gneiss and schist. New field data and structural analysis highlight preferential strain localization, kinematics and
sequential reactivation of multiple shear zone generations (D1-3) under high- to medium-grade, metamorphic
conditions and clockwise P-T-t path during the Lufillian Orogeny (ca. 550-500). Regional, progressive, top-to-
the-NNE fore-thrusting is assigned to D1, while D2 represents localized, opposite, top-to-the-SSW kinematics
attributed to under-thrusting by dome-scale fore-thrusted basement slivers. Subsequent D3 shear zones trans-
posed D1-2 structures and represent overall top-to-the-NNE extensional detachment and NNE-SSW-elongation
along a maximum principal extension axis (L3) which defines kilometer-scale shear- or asymmetrical-boudins of
competent gneiss in the KD footwall. A pre-existing NNE-SSW prolate dome asymmetry (L1-2) dictates a
downlimb-directed sense of shear on the short axes of D3 asymmetrical boudins (WNW-ESE). D3 shear zones are
preferentially localized along relict pre-Katanga anisotropy and D1-2 mylonitic horizons, while Cu–Co bearing
ore shoots are associated with passive fold hinges in these asymmetrical boudin necks.

1. Introduction

The Lufillian Belt, encompassing the Central African Copperbelt,
forms part of the Pan-African orogenic system that hosts the
world's largest known endowment of stratiform Cu
(±Co,±Ni,±U,± Pb,± Zn) deposits (Cailteux et al., 2005; Selley
et al., 2005; Muchez et al., 2015). The Lufillian Belt (or Arc) has a
distinct, ca. 900 km long, north to north-northeast convex geometry and
straddles the border between the southernmost Katanga Province of the
Democratic Republic of the Congo (DRC) and the Copperbelt and
northwestern Provinces of Zambia. Regionally, the belt is divided into
five tectono-metamorphic domains from south to north: namely the (1)

Katanga High, (2) Synclinorial Belt, (3) Domes Region, (4) External fold-
and-thrust belt and the (5) Lufilian Foreland (Porada, 1989; Cosi et al.,
1992; John et al., 2004a; Selley et al., 2005) (Fig. 1). These domains
preserve a broad, south-to-north decrease in metamorphic grade from
upper amphibolite to lower greenschist facies, typifying the transition

from hinterland to foreland (Selley et al., 2005).
Extensive research on the Copperbelt provides insight into ore

mobilization and regional-scale geological and metallogenic processes
from ca. 540–490Ma, driven by a protracted orogenic process (Key
et al., 2001; Cailteux et al., 2005, 2007; Selley et al., 2005; Kampunzu
et al., 2009; Decrée et al., 2011; Turlin et al., 2016; Eglinger et al., 2016
and references therein; Sillitoe et al., 2017). In the Domes Region,
significant Pan-African Cu–Co mineralization occurs at various strati-
graphic levels but is hosted predominantly within (1) clastic and che-
mical meta-sediments of the lowermost Roan Group, which constitute
the basal part of the Neoproterozoic Katanga Supergroup and (2) re-
worked pre-Katanga basement gneiss and schist near the margins of
regional-scale domes (e.g. Lumwana Mine) (Fig. 1). Cu–Co miner-
alization is largely attributed to syn-to late-tectonic, hydrothermal
fluid-flow (metasomatism) along structures that were associated with
either thick- or thin-skinned tectonics (e.g. Porada, 1989; Cosi et al.,
1992) or metamorphic core complex formation (Eglinger et al., 2016).
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Several studies envisage a continuous but multi-phase mineralization
process, from an early rift-related, syn-sedimentary (diagenetic) ca.<
815Ma stage (Selley et al., 2005; Muchez et al., 2015) to a ca. 580-
500Ma syn- to late-orogenic stage (Turlin et al., 2016; Eglinger et al.,
2016 and references therein). The base metal source and significant
endowment of the region remain the subject of debate, but it is gen-
erally accepted that remobilization of extra-basinal and/or basement-
hosted Cu–Co mineralization into the Katanga Supergroup significantly
contributed to existing Cu–Co stocks (Selley et al., 2005; El Desouky
et al., 2009; Sillitoe et al., 2015; Muchez et al., 2015). In the Domes
Region, preserved mineralization in Pre-Katanga basement units (Ky-
Grt-bearing schists) have yielded ages of ca. 1084–1059Ma (Sillitoe
et al., 2015).

In the Domes Region, major fluid flow was focused along the contact

between basement gneiss and schist, and overlying Katanga metasedi-
ments, constituting a widespread décollement/detachment zone loca-
lized at a pre-existing basement-cover unconformity (e.g. Barron, 2003)
(Fig. 2). Locally, this décollement between Roan Group cover (hang-
ingwall) and pre-Katanga basement (footwall) is poorly-exposed, com-
pared to relatively well-exposed contact relationships and units in the
external fold-and-thrust belt. Recent studies of detailed micro-struc-
tural, metamorphic and geochronological data on intensely-deformed
Ky-bearing micaschists (i.e. phyllonites) with inferred protoliths of ei-
ther mantling Roan Group and/or pre-Katanga metasediments (base-
ment), centered on the Solwezi and Mwombezhi Domes, respectively
suggest syn-to late-tectonic shearing and associated Cu–Co–U miner-
alization from ca. 540 Ma to post-500Ma (e.g. Turlin et al., 2016;
Eglinger et al., 2016 and references therein). These contributions,

Fig. 1. Tectonic framework of central-east Africa and regional geological map of the Lufillian Belt. Map A modified after De Waele et al. (2008). Map B modified after
Barron (2003). Major deposits: 1 - Enterprise; 2 – Sentinel; 3 – Malundwe; 4 – Chimiwungo; 5 – Lubwe; 6 – Kansanshi; 7 – Kifubwe; 8 – Mitu; 9 – Dumbwa; 10 –
Musoshi; 11 – Nkana; Geochronology references: 1 - Armstrong et al. (2005); 2 - Key et al. (2001); 3 - Hanson et al. (1993); LF – Lufillian Foreland; LFB – Lufillian
Fold Belt; DR – Domes Region; SB – Synclinorial Belt; KH – Katanga High; CK – Choma Kalomo.
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which build on previous studies of the metamorphic history (e.g. John
et al., 2004), describe a distinct clockwise pressure-temperature-time
path for the décollement, with sequential (re-) activation of shears
during collision and orogenic burial (D1), syn-orogenic exhumation
(D2) and eventual exhumation (D3) in response to crustal collapse in the
Mwombezhi and Solwezi Domes region.

Associated D1-D3 fabrics were initially identified within the MD and
the neighbouring Solwezi Dome by Cosi et al. (1992) and subsequently
adopted and modified by Eglinger et al., (2016) and Turlin et al. (2016).
However, documented structural cross-cutting relationships of D1-D3
fabrics, in mantling Roan Group schists and particularly in basement
gneiss and schist, are more generally described (e.g. Cosi et al., 1992;
Turlin et al., 2016, see Section 1), largely due to limited structural data.
Recent analysis of the kinematics, structural relationships and shearing
associated with the décollement are, for example, only constrained by a
handful (n=2) of drill core samples from the Lumwana Mine and
thereby the Mwombezhi Dome that encompasses the Malundwe and
Chimiwungo deposits (Turlin et al., 2016; see also Bernau et al., 2013).
Central to the feasibility of the Chimiwungo deposit are NNE-trending
“shoots”, or anticlinoriums that locally uplift and thicken sections of the
main Cu–Co mineralized shear zone (e.g. Bernau, 2007) (Figs. 2 and 3),
although the geometry and structural evolution of these significant D3
Cu–Co-mineralized shear zones on a deposit-scale are poorly under-
stood. Furthermore, their tectonic context within the development of
major thrusts, detachments, basement doming and/or uplift (e.g. Soula
et al., 2001; Robyr et al., 2002; Jolivet et al., 2004; Koegelenberg and
Kisters, 2014) are ambiguous with respect to analogous frontal fold-
and-thrust belt settings (e.g. Bonini, 2001, 2007; Couzens-Schultz et al.,
2003; Dean et al., 2013).

This paper presents a multi-scale, 3D structural analysis to describe
the compositionally- and structurally-heterogeneous pre-Kantaga
basement gneiss and its anisotropic behavior during deformation (e.g.
Carreras et al., 2013 and references therein). Recent mining at Lum-
wana Mine has exposed significant volumes of basement gneiss and D3

Cu–Co-(U) mineralized shear zones (Ore Schists), resulting in a range of
geotechnical challenges due to variable country rock structure and the
interaction of low-angle to moderately-dipping shears, tectonic fabrics
(i.e. gneissosity vs. schistocity) and (late) brittle faults with mining
surfaces and planned mine designs. We present the results of detailed
structural mapping, oriented core logging and sampling at the Chimi-
wungo North, West and South Pits, with an emphasis on the geometry,
kinematics and strain recorded in shear zones and their host units, from
the mesoscale to the macroscale. This interpretation elucidates the
structural geometry and style of deformation of country rocks and as-
sists in deciphering the deposit-to regional-scale kinematics of D3 and
pre-existing shear zones and establishes their tectonic context within
the Mwombezhi Dome and Domes Region of the Lufillian Belt.

2. Geology of the Lufillian Belt

The Lufillian Belt represents the amalgamation of Archaean to
Mesoproterozoic basement blocks of the DRC, including the Kasai Block
and Kibaran Belt to the north and northwest and, in Zambia, the
Benguelu Block and Irimide Belt to the east and northeast (e.g. Kipata
et al., 2013; De Waele and Fitzsimons, 2007) (Fig. 1). The Lufillian Belt
comprises predominantly supracrustal clastic and chemical meta-sedi-
ments of the Katanga Supergroup (Cailteux et al., 1994; Cailteux et al.,
2005; Batumike et al., 2009), which record a series of protracted plate
margin processes, from rifting and break-up of the Rodina super-
continent to the amalgamation of the Kaapvaal and Congo Cratons
during the Pan-African Orogenic cycle (Unrug, 1983; Hanson et al.,
1993; Porada and Berhorst, 2000; Armstrong et al., 2005).

The basal unconformity of the Katanga Supergroup constrains basin
formation and sedimentation to after emplacement of the earliest (pre-
Katanga) syn-rift intrusions at ca. 883 ± 10Ma (i.e. Nchanga granite)
(Armstrong et al., 2005) (Figs. 1 and 2). This corresponds with detrital
quartzite ages of ca. 840 ± 13Ma and the widespread emplacement of
ca. 765–735Ma intermediate to mafic igneous bodies in the Roan

Fig. 2. Simplified geology and schematic cross-section of the north-eastern lobe of the Mwombezhi Dome. Modified after Bernau (2007). References: 1 - Armstrong
et al. (2005); 2 - Key et al. (2001); 3 - Cailteux et al., 1994.
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Group, viz. the base of the Katanga Supergroup (Key et al., 2001;
Armstrong et al., 2005). Subsequent tectonic reversal, inversion of the
basin and onset of the Lufillian Orogeny by subduction, convergence
and closure of the Zambezi Ocean commenced at ca. 660–610Ma,
culminating in collision and juxtaposition of the Kalahari Craton
against the Congo Craton (John, 2001; 2003, 2004). Talc-kyanite-mi-
caschists (also referred to as whiteschists; Muchez et al., 2015) from the
lowermost Roan Group record peak metamorphic conditions of
13 ± 1 kbar and 750 ± 25 °C (John et al., 2004) whilst U–Th–Pb
dating of syn-metamorphic monazite grains constrain this peak to be-
tween ca. 550 and 530Ma (Eglinger et al., 2014). This period overlaps
with tectonic uplift and recycling or reworking of lower Katanga stra-
tigraphy (i.e. Roan Group) northwards, into the Kyandamu Formation
of the Kundelungu Group (uppermost Katanga Supergroup), which is
proposed to have recorded extensive foreland sedimentation from ca.
620 Ma onwards (Batumike et al., 2009).

Following peak metamorphism and syn-to late-orogenic exhuma-
tion, eventual structural collapse and the termination of the Lufilian
Orogeny (Eglinger et al., 2016) are recorded by retrogression between
ca. 510 Ma and 470Ma, supported by Rb–Sr and K–Ar biotite and
muscovite cooling ages and U–Th–Pb ages of late-metamorphic mon-
zonite grains (Cosi et al., 1992; John et al., 2004; Eglinger et al., 2014,
2016; Turlin et al., 2016).

2.1. Regional structure of the Lufillian Belt

The Lufillian Belt has been subdivided into five distinct tectonic
domains that each exhibit a characteristic structural style and broad
metamorphic zonation (e.g. Porada, 1989). The interior or hinterland of
the Lufilian Belt is represented by the southernmost (1) Katanga High,
and (2) Synclinorial Belt bordering to the north. The Katanga High is
characterized by dominant ca. 570–530Ma syn-tectonic granitic plu-
tonism (Porada, 1989; Hanson et al., 1993; Naydenov et al., 2014)
which is absent or only poorly exposed within the Synclinorial Belt
towards the north. Both these domains are poorly constrained at depth
and contain predominantly low-grade carbonate and clastic units of the
Kundelungu Group (upper Katanga Supergroup), with some strati-
graphically-lower Roan Group outcrops within the Katanga High
(Naydenov et al., 2014). The tectonic relationship between these two
domains is still a matter of debate; however Porada and Berhorst (2000)
suggested that Katanga supracrustals of the Katanga High and Syncli-
norial Belt are underlain by the Kalahari Craton and Congo Craton,
respectively, thereby arguing for a major underlying basement suture.

Further northwards, the Synclinorial Belt transgresses into the
Domes Region, denoting a sharp increase in deformation intensity,
metamorphic grade and stratigraphic duplication at the base of the
Katanga Supergroup. In turn, this suggests a transition from a structu-
rally-complex foredeep into an exposed, but deeper crustal terrain or

Fig. 3. Geological map of the Chimiwungo deposit, based on a depth-slice through a 3D model built from lithological mapping, structural mapping and drillhole data.
Stereonets are equal area, lower hemisphere and indicate mean dip direction and dip. Stereonets of L1-3 indicate mean plunge direction and plunge. Sections AA′, BB′
and CC′ are shown in Fig. 4.
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basement high (e.g. Porada, 1989). The Domes Region is characterized
by seemingly thick- to thin-skinned and/or metamorphic dome-related
tectonics, upper-to lower-amphibolite facies metamorphism and a
broadly west to east, arcuate alignment of exposed, regional-scale
basement domes (i.e. inliers), including the Kabompo, Mwombezhi,
Solwezi and Luswishi Domes and the Kafue Dome or Anticline. These
domes are cored by Paleoproterozoic metatexitic ortho- and para-
gneisses and schists that are correlated with the volcanoclastic Lufubu
Metamorphic Complex (Eburnian, ca. 1950 Ma) of the Kafue Anticline,
and the overlying siliclastic Mesoproterozoic Muva Supergroup (ca.
1941–1384Ma) (De Waele et al., 2003; Key et al., 2001; John et al.,
2004; Selley et al., 2005; Rainaud et al., 2000, 2005; Sillitoe et al.,
2015). This sequence has been intruded by large volumes of late Pa-
leoproterozoic to early Neoproterozoic granitoids (i.e. Nchanga,
883 ± 10Ma) and intermediate to mafic bodies (ca. 765–735Ma) (see
above; Key et al., 2001; Armstrong et al., 2005). Mantling or un-
conformably overlying the Domes, i.e. basement, are several hundred
meters of lower- to upper-amphibolite facies Lower Roan Group su-
pracrustals, consisting of muscovite-quartz-talc (± hematite) schist
(“whiteschist”) and micaceous quartzite (“Rimming quartzite”) which -
based on their inferred protoliths - are assigned to the base of the Ka-
tanga Supergroup (Cosi et al., 1992; John et al., 2004; Eglinger et al.,
2016). The base of the Roan Group represents a major Pan-African
tectonic unconformity, in the form of a regional décollement/detach-
ment zone, herein referred to as the Katanga Décollement (KD), which
decoupled the Katanga Supergroup from underlying basement (Porada
and Berhorst, 2000; Selley et al., 2005; Bernau, 2007) (Fig. 2). Com-
plex, often recumbent nappe formation, imbrication and stacking attest
to the intense strain along the KD. In tectonostratigraphically-higher
intervals, the Roan Group has been entrained, milled or stacked along
low-angle thrusts (e.g. Barron, 2003).

The Rimming quartzite, or quartz-muscovite schist of the lower
Roan Group, is overlain by meta-carbonates and metapelites of the
Upper Roan and Kundelungu Group, respectively. The composition of
the Lower and Upper Roan sequences are broadly consistent throughout
the Domes Region, although their protoliths probably varied according
to their positions within basins or sub-basins (Selley et al., 2005).

Northwards, structural trends continue into the External Fold-and-
Thrust Belt, albeit with the absence of basement domes (i.e. inliers).
This denotes a transgression to thin-skinned tectonics and a change to
greenschist facies metamorphism. Here, decoupling and shortening of
Katanga Supergroup stratigraphy from the basement, via the decolle-
ment, is accentuated by intense foreland-directed folding and thrusting.
A general decrease in structural intensity towards the Lufillian foreland
is coupled with progressively steeper/upright axial planar fabrics,
which eventually diminish into the Katanga Aulacogen Foreland (Selley
et al., 2005; Kipata et al., 2013).

2.2. Structure and metamorphism of the Mwombezhi Dome region

The MD, centrally located in the Domes Region, has a bi-lobate
geometry consisting of northeastern and southwestern lobes broadly
trending SSW-NNE to SW-NE, respectively (Figs. 1 and 2). Overall, the
MD comprises a 100 km long and 40 km wide structural window into
the pre-Katanga basement core complex. Structural evolution of the MD
remains enigmatic, largely due to poor outcrop and limited structural
and geophysical data across the dome and at depth (e.g. Porada, 1989;
Cosi et al., 1992; Selley et al., 2005; Eglinger et al., 2016; Turlin et al.,
2016). Generally, basement and overlying Roan units proximal to the
dome's margins and KD were intensely deformed during ca.
580–500Ma Lufilian tectonism, but relict fabrics associated with Paleo-
to Neoproterozoic protoliths and the Irimide Orogeny (ca. 1.05 Ga) may
be preserved at greater depths, as is suggested by sporadic Cu-miner-
alized schists that record ages between ca. 1084 Ma and 1059Ma,
thereby hinting at relict Muva Supergroup protoliths (Sillitoe et al.,
2015).

The tectonostratigraphy of the northeastern lobe of the MD is de-
scribed by Bernau (2007) and (2013) and references therein (Fig. 2).
From these, an (1) upper and (2) lower structural level of the MD may be
demarcated. The lower structural level is interpreted as a competent
crystalline base, largely composed of granite sheets that are broadly
correlated with the ca. 883 ± 10Ma Nchanga granites (Armstrong
et al., 2005; Tripp et al., 2013; unpublished memorandum) and less de-
formed Paleoproterozoic gneiss and schist. Upwards, the upper structural
level directly underlies the mantling Roan Group “Rimming” clastic
sequence and is interpreted as the footwall to the KD. The upper struc-
tural level is characterized by intense, high strain imbrication due to
thick-skinned thrusting, which manifests as large thrust sheets that are
distinguished, regionally, by their internal tectonostratigraphic and
geophysical characteristics (Fig. 2). This structural level notably en-
compasses “allochthonous” Roan Group slivers, which are arguably the
result of tectonic entrainment or overthrusting. These seemingly out-of-
place Roan Group slivers are locally referred to as “internal” rimming
sequences and are characterized by low-angle, recumbent, closed to
isoclinal folds that form kilometre-scale nappes (e.g. the Malundwe
Deposit footwall). In contrast, the tectonic model proposed by Cosi
et al. (1992) describes the MD as a core of a dome-scale, north-verging,
rootless nappe, cored by “allochthonous” pre-Katanga basement gneiss
and schist. However, this does not account for the general absence of
thick Katanga Supergroup units at lower structural levels, which are
instead constituted by Paleoproterozoic gneiss and a tectonostrati-
graphy equivalent to that of neighbouring domes (i.e. Solwezi Dome –
Eglinger et al., 2016; Mwombezhi and Kabompo Domes – Barron, 2003;
Williams and Nisbet, 2017).

Gneiss and schist in the upper structural level record peak (D1) HP-MT
metamorphism, at 540-530Ma, of 9–11 kbar and 640–660 °C, indicated
by migmatitic gneiss or foliated metatexite that envelop amphibolite
boudins (Eglinger et al., 2016), which arguably correlate with ca.
765–735Ma mafic intrusions; see Section 2.1. This configuration is
reinforced by peak P-T estimates of 13 ± 1 kbar and 750 ± 25 °C for
mantling (Lower Roan Group) Rimming quartzites and whiteschists at
ca. 550 - 530Ma (John et al., 2004). Eglinger et al., 2016 has attributed
these conditions to initial burial of basement and mantling units at
depths of up to 50 km and geothermal gradients of 15–20 °C, with the
implication that the MD probably formed part of the partially molten
root of the overthrust Congo Craton and Lufilian Belt during continental
collision. Subsequent to peak metamorphism, the upper structural level
was progressively transposed and retrogressed by wide, intensely-
strained, phyllonitic mylonite zones. These mylonite zones reveal a1)

MP-LT D2 generation (8-6 kbar; 580–620 °C; ca. 530 - 500Ma) followed
by a2) even lower-grade D3 generation (< 6 kbar; 610–540 °C; ca. <
500Ma) (D3). Eglinger et al., 2016 estimated increased D2 geothermal
gradients of 25–30 °C and linked D2 and D3 to rapid isothermal de-
compression during syn-orogenic exhumation and late- to post-orogenic
structural collapse of the Lufilian Belt, respectively (Eglinger et al.,
2016; Turlin et al., 2016).

D1 (S1) – D1 deformation is assigned to peak, syn-orogenic, HP-MT
metamorphism (Eglinger et al., 2016; Turlin et al., 2016). Relict S1
defines (1) a ductile, low-angle to sub-horizontal, high strain schistosity
in the cover and (2) a migmatitic, almost metatexitic gneissosity in the
basement, largely concordant with the transposed Katanga-basement
interface or KD. In the basement, relict grains of plagioclase (PlgD1) and
kyanite (KyD1), associated with rimming whiteschists, are partially
preserved in (D2) retrogressed schist or shears (Turlin et al., 2016, see
below). In the basement, deformation features assigned to S1 typically
include low-angle to sub-horizontal mylonitization and foliation- or
layer-parallel recumbent, isoclinal, flexural folds with an inferred top-
to-the-N kinematic movement.

D2 (S2) – S2 is defined by (1) the generation of a top-to-the-S or SE
axial planar foliation and associated re-folding (F2) of S1 in the im-
mediate cover sequences (Cosi et al., 1992; Eglinger et al., 2016), and
(2) local, mesoscopic, both concordant/layer-parallel and discordant or
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axial planar, reactivation and/or transposition/mylonitization of the S1
metatexitic gneissosity (Turlin et al., 2016). Associated D2 retrograde
phyllonitic mylonite is generally characterized by dark, intensely-
schistose Qtz + Phl/Bt ± Ep ± Chl ± Mus ± KyD2 ± Hem as-
semblages in the cover and Qtz + Phl/Bt ± Plg ±
KyD2 ± Scp ± Ep ± Ms in basement. Turlin et al. (2016) also de-
scribed a similar top-to-the-S verging, S2 axial planar schistosity and
similar kinematic behaviour in the basement; however, with a paucity
of concise structural data at a representative scale, the general style and
context of D2 (S2) fabrics remain vague at this depth.

D3 (S3) – D3 (S3) is readily observed at the base of the Lower Roan,
at the KD and upper structural level of the MD. It is characterized
throughout by centimetre-scale to 60m thick, several km-long, late-
kinematic phyllonitic mylonite zones, comprising intensely schistose
and retrogressed assemblages of quartz-muscovite-biotite ± chlorite
(Bernau et al., 2013; Turlin et al., 2016). These shears are locally re-
ferred to as Ore Schist, as they host economic concentrations of dis-
seminated Cu–Co-bearing sulphides. At Lumwana mine, D3 shears dip

gently towards the S-SSW and record a pervasive, extensional S–C’
(prime) fabric with top-to-the-N kinematic movement. D3 appears to be
related predominantly to the development of an extensional detach-
ment, which was driven by late exhumation and eventual structural
collapse of the Lufilian Belt (Eglinger et al., 2016; Turlin et al., 2016).

D4 (S4) - The entire tectonostratigraphic sequence of the
Mwombezhi Dome was cross-cut by a series of late, north-dipping,
WNW-ESE striking, brittle normal faults (D4), which are unrelated to
earlier ductile D1-3 (e.g. Williams and Nisbet, 2017; Barron, 2003). The
exact timing of these structures is not known, but the offset of D1-3
features and structures suggests a crustal response to either very late-
kinematic, upper-crustal extension during the final stages of post-oro-
genic collapse, or post-Lufilian (far-field) tectonics.

3. Tectonostratigraphy of Lumwana Mine

The Lumwana Mine, located on the northeastern “lobe” of the
Mwombezhi Dome (MD), hosts two major deposits that are actively

Fig. 4. Selected cross-sections (see Fig. 3) through the Chimiwungo Deposit, generated by sectioning a 3D model based on lithological data, structural mapping data
and data from drillholes. Stereonets are equal area, lower hemisphere and indicate mean dip direction and dip. OSP – Ore Schist Package; HWP – Hangingwall
Package.
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mined (Fig. 2). The Malundwe and Chimiwungo opencast operations
are located on the SE and SW limbs of the northern portion of the MD,
respectively. Both operations target thick, continuous sections of D3 Ore
Schist (Fig. 3), which are tentatively assigned to separate, underlying
thrust sheets (i.e. the Malundwe and Chimiwungo Sheets). The primary
feature distinguishing the Malundwe Deposit/thrust sheet from the
Chimiwungo Deposits/thrust sheet is a kilometer-scale, rootless, iso-
clinal (shear-) fold of internal rimming quartzite of the Lower Roan
Group, present in the footwall at Malundwe but conspicuously absent
from Chimiwungo's footwall (Fig. 2). This may be attributed to at-
tenuation or tectonic excision along strike. Generally, D3 Ore Schist
horizons range up to 60m in thickness and represent regional-scale,
low-angle shear zones in response to NNE-to NE-directed thrusting
within the KD immediate footwall (Bernau et al., 2013). The structural
evolution and continuity of these D3 shears across the MD is, however,
poorly understood.

4. Geology of the Chimiwungo Deposit

For this study, the majority of new mapping data was taken over the
Chimiwungo deposit, which contains several pits that target two dis-
tinct NNE-trending anticlinal folds or “shoots”, comprising locally-
thickened ore at relatively shallow depths, namely the Chimiwungo and
Equinox Shoots (Fig. 3). The Chimiwungo North, South and West Pits
exploit the Chimiwungo Shoot, while the East Pit follows the Equinox
Shoot. The North, South and West Pits are well advanced, while initial
saprolite clearing for the East Pit was underway at the time of writing.
Sections of tectonostratigraphy that constitute the hangingwall of D4
normal faults have been locally down-thrown (e.g. along the South and
North Faults).

4.1. Structural mapping and macrostructural logging

Mapping of Chimiwungo South, North and West Pits was

undertaken with RockLogger™ software on a hand-held Samsung
Galaxy S7 smart device, connected to a Garmin GLO™ Bluetooth GPS
device. Typical GPS accuracy of 2–3m (X, Y) was improved by re-ca-
libration and reprocessing of surveyed waypoints that have sub-cen-
timeter accuracy, while elevations (Z) were corrected to LiDAR-gener-
ated topographical surfaces.

A total of 4820 readings were collected over the extent of the
Chimiwungo South, North and West Pits, each recording the orientation
(dip direction and dip) of lithological contacts, foliations, shear bands,
lineations, faults and joints, accompanied by an identification their host
units. Mapping data were supplemented by a large database of struc-
tures from orientated diamond drillcore, across several exploration
programs and geotechnical drilling (2588 collars) with accompanying
macrostructural logs. Macrostructural readings were taken using
handheld goniometers or kenometers (n= 4782), while structures
(n=12161) were picked from a limited selection of geotechnical drill-
holes that were surveyed using downhole ATV/OTV. A summary of
relevant structural data is presented, with stereonets, in Figs. 3 and 4.

4.2. Mine-scale tectonostratigraphy of the Chimiwungo Deposit

The Chimiwungo Sheet and mining volume are generally divided
into 3 main packages, namely (1) Hangingwall, (2) Ore and (3) Footwall
(Figs. 3 and 4). The Ore package represents the main shear zone and is
constrained by the first (top contact) and last (lower contact) inter-
section of Ore Schist in drilling; whilst the Hangingwall and Footwall
packages are positioned above and below the Ore Schist, respectively.

The Hangingwall package comprises four readily identifiable li-
thotypes. The first two lithotypes and structurally oldest - according to
intrusive relationships - form a sequence of sharply contacting, inter-
layered (1) banded to augen-textured feldspar-quartz-biotite (± epi-
dote) gneiss; and (2) fine-to weakly-banded, dark-grey to black biotite-
muscovite-quartz-feldspar (± garnet, kyanite, epidote, chlorite) schist.
These units, usually referred to as “grey” gneiss and schist (Fig. 5a–c),

Fig. 5. (a) Grey schist intruded by multiple leu-
cogranite veins showing D1 domino boudins; (b)
S1 gneissic banding in grey gneiss; (c) Biotite-de-
fined S1 foliation in grey schist; (d) Competent
biotite-albite gneiss or pink gneiss with weak S1
gneissosity; (e) Enlarged garnet porphyroblasts in
contact-metamorphosed (amphibolite intrusion)
grey schist; (f) Large amphibolite lens/intrusion in
grey gneiss; (g) Slightly oxidized and Cu–Fe-sul-
phide mineralized quartz-muscovite-phlogopite
schist (Ore Schist) showing S–C’ (prime) exten-
sional fabrics; (h) Dark, mottled biotite/phlogo-
pite schist with quartz and metamorphic kyanite.
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are intruded by relatively thick, voluminous, medium- to coarse-
grained, weakly banded, potassium feldspar-biotite monzogranitic
gneiss (“pink gneiss”), which characterizes the Hangingwall package
(Fig. 5d). Subordinate, often coarse-grained garnetiferous, amphibolite
or hornblendite and quartz-feldspar granitic veins (i.e. leucosomes, or
leucogranite) preferentially intruded into the layered grey gneiss and
schist sequence (Fig. 5a–f). Garnetiferous grey schist, in contact with or
proximal to amphibolite, are contact-metamorphosed (i.e. hornfelsed),
notably less fissile and show significant enlargement of garnet por-
phyroblasts (Fig. 5e).

The Ore package is composite and dominated by numerous ana-
stomosing and interconnected zones or layers of quartz-muscovite ±
biotite schist (i.e. Ore Schist/OS), which contain significant quantities
of disseminated Fe- and Cu-sulphides (Fig. 5g), reaching thicknesses of
up to 60m. Sulphide assemblages are dominated by chalcopyrite,
bornite and pyrite, often containing carrollite. OS layers have sharp
contacts and are easily distinguishable due to the oxidation of sulphides
and the development of a resultant fissile, bronze-yellow/orange unit
(Fig. 5g). Lozenges and/or boudins of more competent grey gneiss,
amphibolite and leucogranite occur within the Ore package, while pink
gneiss lozenges and/or boudins are conspicuously absent or rare.

The Footwall package has the least exposure in the pit and is
poorly-defined laterally and at depth, as drilling normally terminates or
stops after transecting the Ore package. Immediately below the Ore
package, the Footwall package is marked by a distinct “mottled” schist,
consisting of dark grey/black biotite-muscovite-quartz-kyanite
(± chlorite, garnet) (Fig. 5h). The mottled texture is caused by cen-
timeter-scale kyanite porphyroblasts, within a broader, more homo-
genous background of millimeter-scale kyanite porphyroblasts. These
schists are interlayered with finely-banded to coarse-grained, garneti-
ferous, quartz-feldspar-amphibolite (± biotite,±muscovite) augen
gneiss. Deeper drillholes record footwall sequences that are broadly
analogous to Hangingwall grey gneiss (see above); with no intersections
of pink granite (e.g. drillhole MM158 continues to depths in excess of
600m below the Ore package).

4.3. Ductile structures

Initial ductile deformation (D1-3) produced tectonically-interleaved
gneisses and schists. Relict D1 and D2 fabrics are preserved in boudins
and lozenges enveloped by wide D3 shear zones and in the Hangingwall
and Footwall packages.

S1 – In the hangingwall and footwall packages, S1 and S2 foliations
are both concordant and discordant (Fig. 7a–a1), with the latter re-
lationship allowing S1 to be distinguished. Relict S1 is identified by
gneissic banding, most prominent within competent pink and grey
gneiss units (see above; Fig. 5a–f). The S1 gneissosity is concordant with
intensely-strained, low-angle C1 mylonites, which are often associated
with F1 intrafolial, recumbent and isoclinal (shear-) folds (Fig. 6a–d). F1
fold geometries are often curtain- to sheath-shaped, with fold apexes (x-
axis; after Alsop and Holdsworth, 2006) and curtain fold axial traces
recording a strong prolation parallel to a pervasive mineral stretch
lineation (L1s) (197°-12°; direction of plunge-plunge). Typical F1 fold
widths vary from centimeter-scale to 4m (Fig. 6c); however, up to
35m- (multiple bench-scale) wide folds have been reported for the
Hangingwall package at the Malundwe deposit. C1 mylonites are finely-
to coarsely-banded, relatively hard, dark, show a high degree of grain
size reduction and a dominant proportion of matrix grains. Associated
feldspar porphyroclasts (viz. sigma clasts) and dragged shear-folds (F1)
show intense strain and top-to-the-N kinematic movement (Fig. 6a, b
and 6d) (191°/11°; dip direction/dip). An L1s stretching lineation is
well-defined by the orientation of fine, disseminated kyanite grains in
biotite-dominated (grey-) schist, the elongation/stretching orientation
of biotite and feldspar in gneiss (Fig. 6e) and the prolation of competent

boudins internal to S1-foliated grey gneiss and schist domains. D1
boudinage is a significant feature and is accentuated by amphibolite
and felsic leucogranite lenses, several of which are up to 55m wide.
Grey gneiss domains were also prone to developing foliation boudinage
(Fig. 6f), marked by flanking folds that are dragged into vuggy “fish-
mouth” neck quartz vein infills, or blows.

S2 – S2 is a transgressive (D2) mylonitic fabric linked to the devel-
opment of low- to moderate-angle C2 phyllonites that dissected and
enveloped relict S1 structural domains or lozenges (Fig. 7a. Overall,
strain partitioning associated with D2 deformation is variable and
manifests as (focused) narrow/sharp, less than 2m wide, intensely-
strained C2 phyllonite horizons (Fig. 7a1 and 7 b), to< 30m wide, in-
cipient S2 mylonitic zones characterized by relatively lower strain
(Fig. 7a2). Wide S2 mylonitic zones often contain large, asymmetrical
boudins of amphibolite and leucogranite (or leucosomes) (Fig. 7a2).
Notably, the C2(S2) mylonite fabric cross-cuts and transposes the S1
gneissosity and associated C1 mylonites at low angles (< 35°), although
these may also be locally concordant. These cross-cutting relationships
are evident from anastomosing C2 phyllonite zones enveloping com-
petent lozenges of “grey” gneiss with a relict internal S1 fabric
(Fig. 7a–a1). Relict S1 can also be offset by high-angle, synthetic and
antithetic C2 phyllonite shears that superimpose an encompassing D2
flattening-, or extensional-strain component on lozenges and/or asym-
metrical boudins. C2 phyllonites comprise predominantly intensely-
strained, fissile, dark quartz-biotite-dominated assemblages and record
a well-developed, biotite-defined L2s stretching lineation observed on
C2 phylllonite planes (Fig. 7b–b1−2) (183°-23°). Associated cataclasis of
the wallrock is also observed locally (Fig. 7b3). Overall, C2 phyllonites
record a prominent S2–C2 fabric, with top-to-the-S kinematic move-
ment, which is accentuated by rotated porphyroclasts, asymmetrical-
boudins (see above) and intrafolial F2 drag-folds (Fig. 7b1 and 7 b2).
Notably, F2 closed to isoclinal (drag-) folding is subordinate in scale
(< 0.5m fold widths), compared to F1 folds, and are largely con-
strained within C2 phyllonites and wide S2 mylonitic zones.

On a deposit-scale, C2 phyllonite zones preferentially develop along
C1 proto-mylonite zones, largely focused along (S1) contacts of grey
gneiss and schists horizons, and/or contacts of amphibolite and leuco-
granite (or leucosomes) boudins. Thus the broader S2 mylonitic fabric is
sub-parallel to the overall D1(S1) structural grain, which seems to have
focused along the base of the Ore and upper Footwall packages (Figs. 3
and 4).

S3 – D1-2 gneisses and schists are dissected by gently south-dipping,
retrograde phyllonites that are defined by a penetrative, mylonitic S3
schistosity, viz. Ore Schist (see Section 2.2 and 4.2) (Figs. 5g, 8a and
8b). D3 phyllonites are weak and fissile, and dominated by a quartz-
muscovite (± biotite) assemblage that forms at the expense of D2 and
D1 phyllonite and mylonite zones, older gneisses and schists, leuco-
granite and amphibolites (e.g. feldspar breakdown) (Fig. 8c). D3 phyl-
lonite zones can be up to 60m thick, are laterally continuous over
several kilometers and merge and bifurcate in a generally anastomosing
pattern or geometry (Fig. 8d–e).

D3 Ore Schists are (S3) phyllonites that exhibit a well-developed
S3–C′3 (prime) extensional fabric with a dominant top-to-the-NNE ki-
nematic sense of movement (Fig. 8a) and a strong L3s stretching
lineation defined by slickenlines on C′3 shear planes (Fig. 8b) (194°-
04°). Thick S3 phyllonite zones are characterized by internal waste
lenses, i.e. lozenges and asymmetrical boudins with relict S1-2 fabrics,
and rotated porphyroclasts that are consistent with a top-to-the-NNE
and eastward kinematic sense of movement (Figures 8a, 8 d-f). Lo-
zenges and asymmetrical boudins are elongate in the NNE L3s direction
(long-axis, maximum extension) and are separated by shallowly north-
dipping C3’ shears; whilst the short-axes (intermediate) are separated
by steep easterly-dipping C3’ shears (Fig. 8f). Easterly-dipping C3’
shears accentuate a component of top-to-the-E, or E-down kinematic
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movement, which is concurrent with the overall top-to-the-NNE
movement along shallow, north-dipping C3’ shears. In addition, below
short-axes lozenge interfaces, S3 phyllonites form passive, gentle “neck”
folds (after Goscombe et al., 2004 and Ponce et al., 2013), with axial
traces parallel to lozenge elongation and L3s (Fig. 8f).

This structural style is replicated at both pit and deposit scales
(Fig. 4). S3 phyllonites and Hangingwall and Footwall package contacts
are typically gradational, with complete retrogression occurring over
0.5–2m despite the odd, noticeably sharp contact against competent
internal waste lenses that have resisted or partially escaped retro-
gression. D3 (S3) penetrative strain reaches much further into the
Hangingwall package and broadly transposes or rotates S1-2, over a
width of 25–30m, towards parallelism with S3 phyllonites over an in-
terval referred to herein as a transposition zone. The main structural
feature of the Chimiwungo mining volume is the main S3 phyllonite
zone's (i.e. Ore package) geometry, which is characterized by a NNE-
SSW-trending, gentle anticlinorium with a consistent plunge shallowly
to the SSW but parallel to L3s and lozenge long axes (Fig. 4, i.e.

Chimiwungo “Shoot”) (194°-14°). The anticlinorium is gently ESE ver-
ging, with the eastern limb showing slightly steeper dips towards the
ESE (Fig. 4; 126°/35°) compared to the western limb (132°/19°). The
hangingwall package over the eastern limb shows predominantly S1-2
foliations dipping towards the WNW (Fig. 4; 231°/24°), which is dis-
cordant with, or at high-angles to, the underlying S3 phyllonite zone
(S3) dipping towards the ESE (Fig. 4; 126°/35°). Downwards, through
the transposition zone and into the S3 phyllonite zone, S1-2 foliations
are folded or transposed to record top-to-the-E, or E-down kinematic
movement. In contrast, on the western limb, S1-2 foliations of the
hangingwall package are largely at low-angles or sub-concordant to the
D3 phyllonite zone (S3).

4.4. Joints and D4 brittle structures

The entire tectonostratigraphic sequence (see Section 4.2) is sharply
cross-cut by a network of late, NNE-dipping, conjugate joints and
normal faults (Figs. 2 and 3; e.g. North and South Faults), trending

Fig. 6. (a) Isoclinal F1 drag- or shear-fold with
top-to-the-N kinematic movement at the base of a
thick C1 mylonite zone with antithetic S-down
shear as a result of flattening strain; (b) Wide C1
mylonite zone with multiple leucosomes that are
sheared, recording a domain with top-to-the-N
kinematic movement; (c) F1 sheath fold showing
L1 prolation in grey gneiss; (d) Amphibolite shear-
boudin in S1-deformed grey gneiss showing top-to-
the-N kinematic movement; (e) Rod-like weath-
ering of pink gneiss reveals strong L1 mineral
stretch lineation; (f) Foliation boudinage in grey
gneiss layer surrounded by grey schist. Note vuggy
and weathered “fish-mouth” dilatational veins.
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broadly WNW-ESE and parallel to the strike of S1-2 and S3 fabrics
(Fig. 9a–e) (Faults - 021°/55° and Joints - 008°/69°). Joint sets (Fig. 9e)
are consistent with cross-joint or AC-joint orientations, sub-parallel to
the initial maximum direction of shortening (D1-3). AC-joints are per-
sistent throughout all rock types, but may deflect slightly or show a
variation in spacing depending on host rock competency. Joints are
predominantly clean with no filling and may be traced, albeit with
some difficulty, through more schistose units that impeded their pro-
pagation.

Major normal faults are characterized by groundwater seepage, in-
tense kaolinization (weathering) and fault gouge that typically contains
variable Fe-oxide content, resulting in red/or yellow staining
(Fig. 9a–c). Slickensides on fault planes are predominantly orientated
down-dip (Fig. 9c; 024°-53°), while Hangingwall and Footwall units
record localized drag folding of foliations. Overall, features point to-
wards pure normal faulting with no indication of a strike-slip compo-
nent. In addition, normal faults and AC-joints seem related, as faults
appear to have preferentially exploited NNE-dipping AC joints (Fig. 9d),
although down-dip fault stepping generally causes fault planes to have
slightly shallower overall dipping geometries than major joint sets
(Fig. 9e). These normal faults are significant as they typically divide the
mining volume into fault blocks that displace the hangingwall tecto-
nostratigraphic sequence downwards by several tens of meters. How-
ever, larger faults can cause displacement of up to 350m (e.g. Chimi-
wungo South Fault) (Figs. 3–9b).

5. Discussion

5.1. Shear deformation of the Chimiwungo Deposit

Based on detailed structural pit mapping and analysis of downhole
macro-structural logging data, a schematic model may be developed to
describe the overall structural evolution from early D1 to D3 ductile
deformation - with the relevant Cu–Co mineralization episode culmi-
nating during D3 - and latter brittle D4 faulting (Fig. 10). Overall, D1 to
D3 are assigned to dynamic Lufillian-aged deformation between ca.
530–500Ma and onwards (e.g. Turlin et al., 2016), underpinned by a
distinct NNE-trending, uniaxial and incipient Ls stretching or mineral
lineation (L1s – L2s – L3s) (Figs. 3 and 4) largely defined by kyanite and/
or biotite, and lozenge and asymmetrical boudin long axes. The initial
contribution of a relict pre-Lufillian (or Irimide) structural grain (ca.
1119–950Ma) is difficult to assess, as most of the Irimide and older
fabrics have been transposed. Notwithstanding this, Paleo- to Meso-
proterozoic basement stratigraphy and associated competency contrasts
have affected the subsequent, regional-scale structural development
(D1-3).

The structural position of the Chimiwungo Deposit's Ore package,
i.e. the main D3 phyllonite shear zone, is conspicuously located on a
(proto-) mylonitic horizon that separates rheologically distinct hang-
ingwall and footwall packages. The footwall package, which consists
predominantly of thick quartzofeldspathic (± biotite) “grey” gneiss at
depth, with tectonically-interleaved layers of biotite-dominated (often

Fig. 7. (a) Anastomosing C2 mylonite zones in grey gneiss, encompassing D2 lozenges. Note C2 mylonite cross-cutting F1 axial trace of larger sheath fold; (b) Thick,
isolated C2 mylonite in pink gneiss showing S-down kinematic movement with slickenlines (L2); (a1) Fissile C2 mylonite cross-cutting S1 gneissosity; (a2) 14m thick
C2 mylonite zone with leucogranite inclusions (shear-boudins) resulting in loss of bench definition; (b1) C2 mylonite zone in pink gneiss with S–C fabric showing top-
to-the-S kinematic movement; (b2) Thin C2 mylonite showing progressive grain size reduction and transposition of S1 pink gneiss into top-to-the-S S2 mylonitic
fabric; (b3) C2 mylonite causing local cataclasis of pink gneiss.
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mottled) schists towards the top, is juxtaposed against an overlying
“grey” gneiss sequence which has been intruded by voluminous “pink”
monzogranite gneiss (Fig. 10). This contact zone is also marked by in-
tense, relict D2 and D1 mylonitization, characterized by the formation of
several meters thick (C1, C2) mylonite and phyllonite shear zones
(Fig. 7a2). Collectively, these features point towards the products or
contacts of a prior, probably Paleoproterozoic, intrusive event that has
been repeatedly exploited by progressive mylonitization and dynamic
metamorphism associated with enhanced fluid ingress, retrogression
and strain softening contemporaneous with the Lufilian Orogeny, viz.
D1, D2 and D3. This suggests preferential development of low-angle
thrusts, or detachments in the Mwombezhi Dome and larger pre-Ka-
tanga basement (i.e. immediate footwall to the Katanga Décollement),
along regional intrusive contacts, most likely between interlayered
meta-sediments of the correlated Muva Supergroup (ca.
1940 ± 40Ma), calc-alkaline meta-volcanics of the Lufubu Group (ca.
1980–1974Ma) and sheet-like intrusive granitoid bodies (e.g. Irimide
magmatism from 1660 to 1650Ma and 1119–950Ma; Nchanga Gran-
ites, ca. 883 Ma) (De Waele et al., 2003; Key et al., 2001; Armstrong
et al., 2005; Rainaud et al., 2005). Contacts associated with mafic
gabbro-diorite (ca. 765–735Ma, amphibolite) and felsic leucogranites
are subordinate in scale, sparse and erratically distributed at

Chimiwungo, but may be more significant in other parts of the
Mwombezhi Dome and the Domes Region.

On a deposit-scale, the main NNE-trending Chimiwungo “shoot” or
anticlinorium (Figs. 3 and 4) is exclusively a D3 feature, as suggested by
D1-3 cross-cutting relationships (Fig. 10) and associated S3 phyllonite
(i.e. Ore package) development and retrogression. This geometry is
analogous to meso- to pit-scale D3 lozenge and asymmetrical shear-
boudinage development, with relict D1-2 constrained toboudin/lozenge
domains. A schematic model is shown in Fig. 11. Considering an overall
relatively competent Hangingwall package, dominated by pink gneiss,
the main D3 phyllonite shear zone and the transposition of S1-2 to S3
orientations, the formation of the Chimiwungo “shoot” is attributed to
local, passive or gentle “neck” folding of the main D3 phyllonite shear
zone below a well-developed, kilometer-scale, asymmetrical boudinage
neck or interface (Fig. 11). Concomitantly, the Hangingwall package
over the western and eastern limbs of the Chimiwungo anticlinorium
are interpreted as separate shear-boudins, which are elongated along
the principal, NNE L3s extension/prolation trend (Fig. 3). This structure
plunges gently to the SSW and is offset by unrelated, late D4 normal
faults dipping steeply to the NNE. Stratigraphically-higher D3 phyllo-
nite shear zones, marking the top contacts of these respective boudins,
have largely been eroded in the pit area, but are exposed to the SSW of

Fig. 8. (a) Well-developed S–C’ (prime) extensional fabric with top-to-the-N kinematic movement in a fresh Ore Schist outcrop; (b) Clear L3 stretching or slickenside
lineation on C3 shear plane; (c) Incipient muscovite-phlogopite Ore Schist replacing feldspar in grey gneiss; (d) Anastomosing Ore Schist shear zone with large grey
gneiss lozenge; (e) Large leucogranite (inclusion) shear-boudin in the Ore Schist package showing top-to-the-N kinematic movement; (f) Incipient D3 lozenges in grey
gneiss dissected by narrow C3 (Ore Schist) shear zones.
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Chimiwungo South Pit (Fig. 3). In addition, the rotation of D3 boudins,
interpreted primarily from relict S1-2 gneissosity in the hangingwall
package, indicates an encompassing top-to-the-E sense of shear along
D3 boudin short-axes (intermediate extension) (Fig. 4) (ca. 1 km), whilst
the top-to-the-N sense of shear is dominant along the long axes (ca.>
5 km) (e.g. Ponce et al., 2013).

D3 kinematic movement on the long axes of the asymmetrical
boudins is consistent with the regional principal/maximum direction of
extension (L3s) and top-to-the-N movement, described consistently
across the Domes Region as part of the late-tectonic gravitational col-
lapse of the Lufillian Belt (Eglinger et al., 2016; Turlin et al., 2016;
Bernau et al., 2013; Barron, 2003). More locally, along boudin short
axes, concurrent and top-to-the-E kinematics may be attributed to the
Chimiwungo Deposit's structural position on the eastern limb of the
Mwombezhi Dome's north-eastern lobe, which in turn suggests a con-
temporaneous component of “gravitational flow” eastwards, away from
the dome hinge and NNE-trending axis during the D3 extensional de-
tachment (Fig. 12). Examples of gravitational flow or collapse over and
away from extensional core-complexes have been well documented
(e.g. Jolivet et al., 2004).

The structural evolution of the Chimiwungo Deposit and Lumwana
Mine illustrates the importance of understanding the composition and
ductile structural inventory of country rocks that constitute the hang-
ingwalls and footwall to D3 extensional detachments in the upper
structural level of the Mwombezhi Dome (see Section 2.2) (Fig. 2). This
accentuates significant Cu–Co remobilization, linked to the geometry
and kinematics of D3 ductile shearing and the concomitant formation of
deposit-scale asymmetrical boudins and/or lozenges (e.g. e.g. Ponce
et al., 2013; Rodrigues and Pamplona, 2018) and mineralization shoots
that trend predominantly NNE (L1s – L2s – L3s). More locally, D3 ductile
shearing is influenced by the relative structural position with respect to
the underlying geometry and stress state of the Mwombezhi Dome.
These findings highlight a commonly overlooked structural geometry,
viz. D3 strain partitioning in the KD footwall and pre-Katanga basement,
considering that the Mwombezhi, Kabompo and Solwezi Domes largely

reflect the asymmetry of N- to NE-trending boudins and/or lozenges
(e.g. Barron, 2003; Williams and Nisbet, 2017). Hence, an approach
focusing on the delineation of D3 strain partitioning or shearing and
applying detailed structural logging and petrology in combination with
airborne aeromagnetic and radiometric datasets, is important for re-
gional, dome-scale exploration and targeting over the Mwombezhi
Dome and other domes (e.g. Kabompo, Solwezi, Luiswishi Domes and
Kafue Anticline). D1-3 strain, shear geometries and kinematics further
confirm regional comparisons made between the retrograde, yet rela-
tively high temperature, style of shear-hosted Cu–Co mineralization in
the Mwombezhi Dome, the broader Domes Region of the Lufilian Belt
and the Omitiomire shear zone-hosted Cu deposit in the Pan-African
Damara Belt (Kitt et al., 2016) (see below).

5.2. Implications for dome formation

The Mwombezhi Dome and the Solwezi Dome to the east have been
described as Metamorphic Core Complexes that have been uplifted and
exhumed during syn-orogenic accretion and post-orogenic collapse
(Eglinger et al., 2014; John et al., 2004a). However, doming is de-
scribed primarily from metamorphic and geochronological perspectives
and only within a generalized structural context. Turlin et al. (2016)
identified distinct stages: burial (D1), syn-orogenic exhumation (D2)
and exhumation due to post-orogenic collapse (D3), accompanied by
overall top-to-the-N kinematic movement for D1, top-to-the-S move-
ment for D2, and top-to-the-N movement for D3, albeit based on a
limited suite of micro-structural features. The detailed field data pre-
sented in our study, which resolve meso- to deposit-scale structural
trends, are broadly consistent with this model and are considered as
footwall expressions of the tectonic evolution of the Katanga Décolle-
ment mantling the Mwombezhi Dome. From this, we present a new,
structurally-modified, regional schematic model in Fig. 12.

In the KD footwall, initial ductile D1 strain and mylonitization are
consistent with basement gneiss and schist deformed under ductile,
lower crustal conditions(Fig. 10). L1 prolation is accentuated by F1

Fig. 9. (a) Wide D4 normal fault with fault gouge and severe kaolinization of hangingwall and footwall rocks (Ore Schist); (b) Eastwards view of the Chimiwungo
South Fault showing significant normal downthrow to the north and juxtaposition of pink and grey gneiss in the hangingwall and footwall, respectively; (c) D4
slickenlines on fault plane showing dominant down-dip movement along normal faults; (d) Incipient D4 fault initiation along major dilated joints; (e) Major joint
planes in pink gneiss.
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sheath and curtain folds.
D1 features are locally transposed by low-angle D2 shear zones

which, in contrast, are characterized by an S–C fabric with top-to-the-S
kinematics. This is analogous to observations over the Solwezi Dome by
Eglinger et al., 2016 that describe a similar (D2) S2, top-to-the-S kine-
matic fabric associated with the KD. The overall dynamic transition
from (D1) top-to-the-N to (opposite) top-to-the-S kinematics, points
towards thick-skinned tectonic processes and the likely under-thrusting
of the Katanga Supergroup by a (top-to-the-N) fore-thrusted basement
wedge, or sliver, riding on a deeper, blind floor detachment.

In general, the kinematics from D1 to D2 shear deformation, the
latter underpinned by basement under-thrusting, points towards a
protracted period of progressive basement expulsion and syn-orogenic
exhumation from ca. > 540 to 500Ma (e.g. Turlin et al., 2016,
Eglinger et al., 2017). The timing of D2 (ca.<530Ma) arguably marks
the culmination of thick-skinned thrusting and decoupling of the pre-
Katanga basement in the Domes Region, probably in response to the
arrival and NNE propagation of frontal zone of the Lufilian Belt
(Fig. 12).

The correlation between the Mwobezhi Dome's NE-to NNE-trending

Fig. 10. General model describing the cross-cutting structural relationships and development of progressive D1-3 deformation relevant to the Chimiwungo Deposit
and Mwombezhi Dome.
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asymmetry and coaxial L1s – L2s prolation, sub-parallel to the overall
principle compression axes of the Lufilian Belt, largely supports doming
in response to, or at least contemporaneous with, D1-2 deformation and
analogous b-type doming in orogenic settings, after Jolivet et al.
(2004). It should also be noted that syn-to post-orogenic intrusives are
conspicuously absent from the Mwobezhi Dome and neighboring
domes, yet concurrent (D1) migmatization of pre-Katanga basement
gneiss has been documented (e.g. Eglinger et al., 2016). We suspect this
is simply due to a lack of fieldwork and geochronological data on, for

example, leucogranite units at Lumwana Mine, which may also be in-
terpreted as leucosomes. Hence, a component of metamorphic doming,
as postulated by Turlin et al. (2016) and Eglinger et al., 2016, in re-
sponse to lower crustal migmatization, syn-orogenic intrusions and
subsequent thermal uplift (e.g. Whitney et al., 2004; Zhang et al., 2017)
cannot be ignored.

Structural relationships further indicate that D3 shearing is un-
related to D1 and D2 foreland-directed thrusting and propagation of the
Lufilian Belt's frontal zone. Instead, D3 shears reflect subsequent (late-

Fig. 11. Structural evolution of the D3 extensional shear zone (Ore Schist) and country rocks of the Chimiwungo Deposit.

Fig. 12. Regional setting and tectonic evolution of D1-3 deformation relevant to the Domes Region of the Lufillian Belt. Insert (a) modified after Bernau (2007). (*)
Ages from Turlin et al. (2016).
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tectonic) re-activation of low angle D1 and D2 mylonitic to proto-my-
lonitic horizons, primarily the KD and structurally-lower
Paleoproterozoic intrusive contacts (e.g. Chimiwungo). The strong D3
extensional S–C′ fabric, NNE-trending lineation and overall kinematic
sense of movement towards the foreland, coupled with the inferred
movement towards the WNW and ESE, down the western and eastern
limbs of the Mwombezhi Dome, and an associated mineralization age of
ca.< 500Ma (Turlin et al., 2016), collectively suggest continued ex-
humation of the roof of a basement wedge and the Mwombezhi Dome
(e.g. a piggyback) in response to post-orogenic crustal collapse (D3)
(Fig. 12).

The Lufillian Belt is broadly correlated with the Pan-African Damara
Belt by regional geophysical studies (Lehmann et al., 2015) and inter-
pretations (Unrug, 1983; Kampunzu and Cailteux, 1999; Porada and
Berhorst, 2000, and Rainaud et al., 2005), which argue for along-strike
continuation of tectonostratigraphic units and basement terranes to-
wards the SW, through poorly-exposed areas of Zambia, Botswana and
Namibia. A similar high-grade metamorphic and structural setting to
the Mwombezhi Dome, and Domes Region in general, is described for
the Southern Zone accretionary prism of the Damara Belt, wherein
progressive shearing and Cu mineralization of Mesoproterozoic gneisses
and amphibolites of the Ekuja Dome are linked to tectonic expulsion of
basement slivers/wedges on the subducting slab (Kalahari Craton), al-
beit with an overall opposite top-to-the-S kinematics (Kitt et al., 2016,
and references therein).

The Mwombezhi and Kabampo Domes (Fig. 1) NNE- to NE trending
asymmetry is notably parallel to the regional Katangan normal fault
system (Williams and Nisbet, 2017). These normal faults are linked to
initial NNE-NE-trending horst-and-graben formation during Katanga
basin formation and rifting from ca. 883 ± 10Ma onwards (Armstrong
et al., 2005). The effect, if any, of this basin architecture on a regional,
or dome-scale on subsequent D1-3 deformation is unknown.

6. Conclusions

Structural features within country rocks hosting the Chimiwungo
deposit are consistent with a regionally-progressive, clockwise retro-
gression from upper-amphibolite to lower-amphibolite facies, encom-
passing progressive crustal imbrication and thickening and syn-oro-
genic exhumation (D1-2), followed by post-orogenic structural collapse
(D3) as per Turlin et al. (2016).

Structural data at Chimiwungo relates D1 structures to top-to-the-
NNE fore-thrusting characterized by flat-lying proto-mylonites and
mylonites associated with NNE-verging isoclinal drag folds and nappes
(Fig. 10). D1 structures are partially transposed by low angle, D2
phyllonitic proto-mylonites and mylonites that show opposite, top-to-
the-SSW kinematics. D2 may be attributed to local under-thrusting of
the Katanga Supergroup in the Domes Region, which suggests large-
scale fore-thrusted basement wedges, or slivers, overriding a blind floor
thrust towards the NNE. Consequently, D2 is likely to represent the
arrival of thick-skinned thrusting in the Dome Region during NNE fold-
and-thrust belt propagation during the Lufillian orogeny. Overall, D1
and D2 are consistent with the progressive evolution of a lower- to mid-
crustal, thick-skinned setting and regional, NNE-directed propagation
of the Lufillian Belt.

The development of a top-to-the-NNE, late-tectonic, extensional
detachment, responsible for D3 Cu-mineralized shear zones, was instead
controlled by preferential strain localization along a Paleoproterozoic
anisotropy in the form of intrusive or lithological contacts and D1-2
mylonitic horizons in the pre-Katanga basement (Figs. 10 and 11). D3
shear geometries are predicated on kilometer-scale , asymmetrical
shear-boudins of more competent gneiss packages, elongated in a NNE-
SSW trend, parallel to the regional, principle D3 axis of maximum ex-
tension (L3) (Fig. 11). The kinematics of asymmetrical boudin short-
axes were determined by local dome geometry that imparted a down-
limb-directed sense of shear (WNW-ESE). Economic Cu–Co bearing ore

shoots are aligned along passive fold hinges that form in asymmetrical
boudin necks that formed during at this point.

Lastly, overall D1-3 structural crosscutting relationships, kinematics
and NNE trending L1-2 parallel asymmetry of the Mwombezhi and other
Domes imply doming contemporaneous with initial D1 and D2 de-
formation events.
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