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Abstract: Three major gold deposits, Matandani, Kukuluma and Area 3 , host several Moz of gold,
along a ~5 km long, WNW trend in the E part of the Geita Greenstone Belt, NW Tanzania. The
deposits are hosted in Archaean volcanoclastic sediment and intrusive diorite . The geological
evolution of the deposits involved three separate stages: (1)an early stage of syn-sedimentary
extensional deformation (D1) around 2715 Ma; (2) a second stage involving overprinting ductile
folding (D24) and shearing (Ds-) eventsduring N -S compressionbetween 27082665 Ma,coeval with
the emplacement of the Kukuluma Intrusive Complex; and (3) a final stage of extensional
deformation (D7) accommodated by minor, broadly E-trending normal faults, preceded by the
intrusion of felsic porphyritic dykes at ~2650 Ma

The geometry of the ore bodies at Kukuluma and Matandani is controlled by the distribution of
magnetite-rich meta-ironstone, near the margins of monzonite-diorite bodies of the Ku kuluma
Intrusive Complex . The lithological contacts acted as redox boundaries, where high-grade
mineralization was enhanced in damage zones with higher permeability including syn-Ds
hydrothermal breccia, D2-Ds fold hinge s and De shears The actual mineralizing event was syn-Dy,
and occurred in an extensional setting that facilitated the infiltration of mineralizing fluids . Thus,
whilst gold mineralization is late -tectonic, ore zone geometries are linked to older structures and
lithological boundaries that formed before gol d was introduced .

The deformation -intrusive history of the Kukuluma and Matandani deposits is near identical to
the geological history of the world -class Nyankanga and Geita Hill deposits in the central part of
the Geita Greenstone belt This similarity suggests that the geological history of much of the
greenstone beltis similar. All major gold deposits in the Geita greenstone beltlack close proximity
to crustal-scale shear zonesare associated with intrusive complexes_and volcanics that formed in
an_oceanic_plateau rather than subduction setting, and formed late-tectonically during an
extensional phase. They are not characteristic of typical orogenic gold deposits.

Keywords: Archaean gold; Tanzania; structural controls; deformation; Kukuluma; Geita; orogenic
gold.
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1. Introduction

Archean deposits are a major source for gold across most cratonic regionsin the world [1-4].
Except for gold deposits linked to supra-crustal basins such as the giant deposits in the
Witwatersrand Basin, the bulk of Archean gold is hosted within, or adjacent to greenstone belts, and
they are commonly classified as orogenic gold deposits [5-7] [8,9], or Archaean lode gold deposits, to
usea less generic term
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(Kabete et al., 2012a)

Figure 1. Geological map of the northern half of the Tanzania Craton showing the main geological
and tectonic units. IS| Iramba-Sekenke Greenstone Belt; KE Kilimafedha Greenstone Belt; MM |
Musoma-Mara Greenstone Belt; NZ| Nzega Greenstone Belt; SM Shinyanga-Malita Greenstone
Belt; SU| Sukumaland Greenstone Belt. Superterrane boundaries are as proposed by[10]: DBST
| Dodoma Basement; ELVST East Lake Victoria; LNST | Lake Nyanza; MAST | Mbulu -
Masai; MLEST | Mwanza Lake Eyasi; MMST | Moyowosi -Manyoni; NBT | Nyakahura -Burigi.
The inset map of Africa shows the location of Archaean blocks. The figure has been adapteal from
[11]. The red square shows the study area as shown in Figure 2.
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Archean orogenic gold deposits show many common features including a common association
with major fault systems that cut volcano -sedimentary sequences in greenstone belts (e.g[12] [4]).
These faults channel mineralising fluids from deeper crustal levels to traps in an episodic manner
through seismic pumping [13,14] The fluids that transport the gold are typically aqueous -carbonic
fluids, with 5420 mol% CO, derived from metamorphic devolatilization reactions [8] , and are
associated with quartz-carbonate alteration and a low-sulphidation ore assemblage dominated by
pyrite -arsenopyrite, with deposition typically (but not exclusively) occurring in greenschist facies
domains [15] [6].

Whilst many studies of world -class gold deposits in well-endowed areas such as the Yilgarn and
Superior cratons suggest that mineralization involved multiple stages of gold enrichment [15,16][17-
19], evidence for this can be equivocal, because of the complexities associated with structural
overprints and reactivations of peak -metamorphic shear zones during later events [20]. Some authors
[9] argue strongly that the notion of multiple minerali zing events is wrong, and that all orogenic gold
deposits, including the Archean depo sits, form during a single late -tectonic stage in a subduction-
related tectonic setting in accretionary to collisional orogenic belts, where fluid flow is driven by a
change in far-field stress shortly before cratonization [9]. By classifying the deposits in this way
Archaean gold deposits are placed in a plate-tectonic setting that is similar to today; a contention that
remains strongly contested [20-24].

Because gold mineralization occurs late in most granite-greenstone terrains [2,6,9,20]
irrespective of what underlying tectonic model is applied, gold trapping structures can be highly
diverse in geometry, and will be controlled by the interplay of multiple overprinting deformational
and intrusive events [9]. To understand the detailed structural architecture of a greenstone sequence
in relation to th e timing of mineralization is, therefore, important when working out gold distribution
patterns. The aim of this study is to do this, for a set of major gold deposits in a relatively poorly
known greenstone sequencein the Lake Victoria goldfield in Tanzan ia (Figs 1, 2)

The Geita Greenstone Belt (GGB) in the N part of the Tanzania Craton (Fig. 1) hosts worldclass
gold deposits spread along a 35 km long corridor in the central parts of the greenstone belt (Fig. 2).
These deposits, include (from W to E) the Star and Comet, Nyangkanga, Lone Cone, Geita Hill,
Matandani and Kukuluma deposits (Fig. 2), and are commonly referred to collectively as Geita mine
[7]. All these deposits are largely hosted in silicified, magnetite -rich metasedimentary units (referred
to in the mine as meta-ironstones) near the intrusive contacts of monzonitic to dioritic bodies that
intruded internal to the greenstone belt [11,2527].

To date no detailed work has been published for the major deposits that occur in the eastern part
of the GGB (Figs. 2, 3). These include the Matandani, Kukuluma and Area 3 deposits that collectively
host several Moz of gold. In this paper, a deformation model for the area around the Matandani and
Kukuluma pits will be presented, based on detailed mapping and core logs from the pits and
surrounding areas. The deformation model will be linked to the relative timi ng of intrusive units and
gold mineralization, and forms the basis for geochemical and geochronological studies in the area
[27,28]
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93

Trend lines (from aeromagnetics)

" Faults and shear zones (mapped)

Breccia zones (mapped)

__— Porphyritic granodiorite dykes (2650-2665 Ma)
K-rich, porphyritic granite
- Kukuluma Intrusive Complex (gabbro-diorite-monzonite;
(a) 2665-2700 Ma)
Greywacke, i ics (from
) Meta-ironstone with shale (from aeromagnetics; 2725 ma)
Il Veta-ironstone, chert (mapped)

- Graphitic shale

- Metabasalt (~2820 Ma)

(b)
Figure 3. (a) Geological map of the central Kukuluma Terrain showing the position of the main gold
deposits in the area. The distribution of the meta-ironstones in the area is derived from geophysics. Map
projection is UTM WGS84 zone 36S. (b) closaip view of the M atandani and Kukuluma pits . The age

estimates in the legend are from[28-30].
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2. Regional geological framework

The Tanzania craton consists of a core of >3.0 Ga, higlyrade mafic and felsic granulite (the
Dodoman Supergroup), overlain by a volcano-sedimentary package dominated by mafic volcanics
(the 28202700 Ma Nyanzian Supergroup), and younger (<2650 Ma), mostly coarse clastic sediment
of the Kavirondian Supergroup [31-37]. Rocks belonging to the Dodoman Supergroup are restricted
to the southern part of the craton, with the northern craton comprised of younger (<2.82 Ga), juvenile
crust [36,38,39] The latter has been alternatively interpreted as accretionary volcanic arc systems[40]
or vertically accreting and chemically evolving oceani ¢ plateaus [39] that docked with the older
cratonic core during the Neoarchaean.

The Nyanzian and Kavirondian sequences in the northern part of the Tanzania Craton have been
grouped into six greenstone belts (Fig. 1) clustered around the margins of Lake Victoria [34]. Each of
these greenstone belts comprises a series of disconnected genstone domains that were grouped
based on perceived stratigraphic correlations and geographic proximity [41], in spite of the presence
of large shear zones that separate parts of each geenstone belt[10]. Of the six greenstone belts, the
Sukumaland Greenstone Belt is the largest, containing fragments that are large enough, and
tectonically and stratigraphically distinct enough to be categorized as greenstone belts in their own
right. This includes a greenstone domain along the northern margin of the Sukumaland Greenstone
Belt, which we have termed the Geita Greenstone Belt (Fig. 2), following terminology introduced by
[11,37]

2.1. The Geita Greenstone Belt (GGB)

The GeitaGreenstone Belt (GGB, Fig.2) forms an 80 x 25km large, generally 8V trending portion
of mafic- felsic volcanic, volcanoclastic and sedimentary rocks, bounded to the S by a large, EW
trending shear zone that separates the belt from gneiss and mylonitic granitoid [29]. To the N, E and
W the greenstone units were intruded by late syn- to post-tectonic granitoid plut ons dated at 2660
2620 Ma[30]. The S part of the GGB contains metabasalt with minor gabbro and a MORB -like
affinity, yielding ages of ~ 2823 Ma [36,37], which were deposited through vertical melt segregation
in an oceanic plateau environment [37,39] The remainder of the greenstone belt is dominated by
meta-ironstone units intercalated with, and overlain by turbiditic meta -sedimentary units and
volcanoclastic beds older than 2699 + 9 Mg11,35] These units were intruded by syn-tectonic igneous
complexes of dioritic to tonalitic composition [11,26,27] The diorite intrusive complex around
Nyankanga and Geita Hill were dated at 2686 + 13 Ma and 2699 + 9 Ma (UPb zircon, [35]), and the
intru sive complex around Kukuluma at between 2717+ 12 Ma and 2667 + 17Ma (Figs 2, 3,[27,28).

Meta-ironstone units are exposed in three distinct NW -SE trending terrains separated by areas
with little or no outcrop underlain by meta-sediments. The boundaries of these terrains are
characterized by major lineaments visible on aero-magnetic datasetsand interpreted as large shear
zones (Fig. 2). These terrains are the Nyamulilima terrain to the W, the Central terrain in the middle,
and Kukuluma terrain to the E (Fig. 2). The Kukuluma terrain contains the Matandani and Kukuluma
deposits, which were mined until 2007 (Figs 2, 3). The nearby Area 3 deposit is undeveloped.

Initial models for the deformation history of the GG B invoked early upright folding, overprinted
by a second folding event characterized by steeply plunging axes and cut by later regional and
subsidiary shear zones,which represent the main pathways for hydrothermal fluid s[25,33,41] Mine
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thrust stacks associated with horizontal shortening and stacking of the greenstone sequence with
gold-mineralization concentrating in dilatant zones along thrusts and near fold hinges [42,43]
Subsequent mining has demonstrated that complex thrust stacks with stratigraphic duplication do
not exist, but instead that gold is related to a complex interplay of folding and intrusive events cut
by late, mainly E-trending fracture zones as seen in the Nyankanga and Geita Hill deposits (Fig. 2,
[11,26]). Detailed structural work in these deposits [11,26] has shown that the mineralization is
centered on NW dipping reverse faults (referred to in Geita Hill as Ds) that overprint a complexly
folded (referred to in Geita Hill as D1-s) stack of metaironstone and chert, and were reactivated as
later normal faults at the time of mineraliza tion (called Ds at Geita Hill). Gold-deposition
preferentially occurred along diorite -meta-ironstone contacts exploited by the fracture systems
[11,26] after emplacement of a lamprophyre dyke at 2644 + 3[35] i.e. Ma 20-30 Ma later than the
formation of reverse faults [26].

2.2. Stratigraphy of the Kukuluma terrain

A generalized stratigrap hic column for the Kukuluma terrain is presented in Figure 4. This
column has been reconstructed from mapping and drilling around the Kukuluma and Mat andani
pits as presented in this study, combined with age constraints from intercalated volcaniclastics and
cross cutting porphyry dykes [28]. The Kukuluma terrain is bounded to the W by a major NW -
trending shear zone, which juxtaposes lower greenschist facies metasediments of the Central terrain,
and lower amphibolite facies mafic to ultramafic meta -basalts at the stratigraphic base of the
Kukuluma terrain (Fig. 2; [37]).

The sedimentary sequence in the centralparts of the Kukuluma terrain is composed ofa volcano-
sedimentary pile with a black, graphitic shale unit of undefined thickness (pit outcrops indicate a
mini mum thickness of ~30 m)at its base. This unitis well exposed at the bottom of the Kukuluma pit ,
and probably overlies metabasalt [28]. The black shale unit transitions into a well-layered meta-
ironstone unit that is variable in thickness due to deformational effects (described below). The meta-
ironstone unit is widely distributed (Fig. 3), and consists of regularly layered packages of magnetite -
rich sandstone and siltstone interlayered with shale beds and silicified, quartzite beds. The meta-
ironstone unit transitions into meta -greywacke comprised of laminated shale- to sandstone beds (Fig.
4) interlayered with fine -grained meta-tuff and volcaniclastics. The greywackes have characteristics
similar to deposits laid down on the proximal parts of a marine fan -delta system with input of
immature sediment [44]. Rocks of the Upper Nyanzian are intruded by diorites, monzonites and
granodiorites of the Kukuluma Int rusive Complex (Fig. 4). In the N part of the Kukuluma terrain, the
meta-ironstone and meta-greywacke units are unconformably overlain by cross -bedded sandstone
and clast supported conglomerate ascribed to the Kavirondian Supergroup.



Minerals 2017, 7, x FOR PEER REVIEW 8of 40

Stratigraphic Lithology Characteristics Age
unit constraints
Quartz arenite Graded bedding 2640 Ma
= = (=
& e Quartzitic Angular clasts
< Oo & | Kavirondian conglomerate Conglomerate clasts

= = = = = = =Unconformity- = = = = = = = = = = = = =

2700 Ma
Greywacke: Graded bedding
Sandstone, siltstone,  Flame structures
shale and Volcanoclastics flows
volcanoclastics
Intercalated
with volcanoclastics
and shales
| Intraformational
ronstones conglomerates
Thickly bedded
Intercalated
with black shales
and siltstone
Black shales Pyrite nodules
Upper
Nyanzian 2780 Ma

= = = = = =Structuralcontact = = = = = = =« =« =« = = =
MinO( shales ) 2820 Ma
and felsic volcanics

— Pillow-lavas
Basalt
~ Minor komatiite
Lower Minor gabbro
Nyanzian and dolerite

No basement rocks

Figure 4. Summary stratigraphy for the Kukuluma terrain . Age constraints are from [28,37].

172

173

174

175 Table 1. Summary of deformation and intrusive events that affect the Kukuluma terrain. Listed age
176 estimates are based or{11,28,29] Mineralization occurs during D 7events, and gold-bearing fluids are
177  trapped in structures of D 1 to Ds origin. Apy = arsenopyrite; Po = pyrrhotite ; Py = pyrite
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178

Defor m. Intrusive event Description of structures Mineralization

event [age] [Trapping structures ]

D1 Volcanism - Layer-parallel shears (1) Mineralisation trapped
(2715Ma) - Growth faulting by Fe-rich lithologies

D2 - Non-cylindrical folding (2) Mineralization in F 2-Fs

(1-500 m scale) fold hinge zones

- Formation of penetrative

< fabric
Start of emplacement of - Sills, dykes and plugs (3) Mineralization along
KIC: diorite -ironstone
Gabbro-diorite - contacts
monzonite suite
(2700-2680Ma)

Ds Further emplacement - Folding on 1-500 m scale  (4) Mineralization trapped
of KIC : - Plunge varies across k along Fsfold axial planes
Gabbro-diorite - fold limbs characterized by
monzonite suite - Associated with Ss axial microfracturing
(27002680Ma) planar cleavage that dips

steeply SW
- High -strain domains
bound folded domains
- Emplacement of KIC
along Ds axial planes with
S fabric in KIC
- Extensive brecciation of
D2-Dsfolded ironstone
near margins of KIC (5) Mineralization in
breccia zones

D4 - Open, cylindrical upright

folding

- Symmetric folds plunge
steeply WNW

- Limited S fabric
development

Ds - Open cylindrical

N-Scompression recumbent folds

- low angle reverse faults
with small offsets (<10m)
Further emplacement - Felsic porphyry dykes
of KIC: truncate Di4folds
Granodiorite suite
(2680-2665Ma)
Ds - NW to WNW trending, (6) Dsshear zones and

N-S compression

steeply dipping, brittle
ductile shear zones.

- Dextral -reverse

- Fracture networks
overprint F >-Fs folds and
breccia zones

- Associated with tectonic
breccia

associated damage
zones facilitate fluid
infiltration and

fluid -rock interaction

Emplacement of felsic

dykes (2650Ma)

- N trending felsic
porphyry dyke

Mineralization overprints
dykes

D~
N-S extension

I

- Normal faulting

- Reactivation of De
shears as sinistral
normal faults

(7) D7shear zones are
mineralized, and acted
as the main fluid
channel ways

apy-po-py ore assemblage

Granitoids plutons

(26202640Ma)

179
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3. The history of deformation in the Kukuluma terrain

The deformation events in the Kukuluma -Matandani area comprise 3 groups of structures: 1
structures that formed during a n extensional deformation episode (D) at the time of sedimentation
and early volcanism, which are best preserved in drill core; 2. penetrative structures (D2-Ds) involving
overprinting folding, shearing and brecciation events, which occurred when the rocks mostly
behaved in a ductile manner during the main compressional stage of deformation; and 3. localized
late tectonic structures that formed during extensional deformation, when strain was patrtitioned into
discrete normal faults and joints (D 7). Deformation events were accompanied by the emplacement of
syn-tectonic intrusions of the Kukuluma Intrusive Complex (KIC, [27]). A minerali zed, late-tectonic
felsic porphyry dyke cross-cuts all units, and provides an upper age constraint for gold
mineralization in the area [28].

The deformation events have been summarized in Table 1 and are described in detail below.In
reading the deformation history it is important to realize that D 1-De deformation geometries in
combination with intrusive boundaries, provide the deformational architecture that trap the
auriferous fluids, which percolated late in the deformation history of the area[9].

3.1. Di- normal faulting and bedding parallel shearing events

D1 comprises a complex family of structures that formed prior to the development of D 2 folds.
These structures formed in part during sedimentation of the meta -ironstone and meta-greywacke
sequences, and partly after these units were buried (presumably as extensionsedimentation
continued higher up in the stratigraphy). Centimeter -scale growth faulting visible in drill core in
meta-sediment indicate active extension during sedimentation. In places the growth faults are listric
and associated with layer-parallel zones of brecciation and folding characterized by cm- to dm-scale
disharmonic fold ing interpreted as layer-parallel deformation zones similar to low -angle
detachments.

Meta-ironstone units preserve an early-layer-parallel foliation, S 1 that locally intensifies. A good
example of this occurs along the access ramp into Kukuluma pit between GR 4189009688150 and
4189509688180 (all grid references in WGS84, zone 36S), where a wellhyered greywacke unit is
intruded by dark -grey, planar quartz veins with a chert -like appearance (Fig. 5a). Over a horizontal
distance of about 15 m the density of these intrusive veins increases as the rock changes from bedded
meta-greywacke into a massive glassy chert, and coarser grained sandstone beds are boudinaged.:S
is well-developed in this zone together with rare intrafolial folds, dextral shear bands a nd an L:
mineral lineation, and the zone is interpreted as a D1 shear zone. Although the shear sense across this
zone is unclear, it cuts out part of the stratigraphy, which together with the associated boudinaging
and extension of the host rock layering suggests an extensional origin. It may link to basin opening
and is interpreted to represent adeeper level manifestation of the syn-sedimentary growth faults seen
in drill core.

Similar discordant chert horizons displaying complex internal folding and fine -grained fabrics
with mylonitic affinities are common througho ut the central Kukuluma terrain. In many places (e.g.
Fig. 5b) the chert layers transect bedding in the surrounding meta-ironstone or meta-greywacke units
at a low angle. In other places the orientation of chert beds is parallel to layering within the wall rock
(Fig. 5¢). On a regional scale, the chert bands form low ridge lines that can be traced for several
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kilometers (Fig. 3). The chert horizons display sudden thickness variations along strike, and in places
bifurcate or merge to form anastomosing patterns. The chert bands are affected by all later folding
events described below, and formed early in the tectonic history of the Kukuluma terrain.

3.2. Dx-Dsfolding and shearing

The composite S/So fabric in the central Kukuluma terrain was folded and sheared during D 2
and Ds events (Figs 6, 7, 8). This has resulted in locally complex, D2-Ds interference folding of the
volcano-sedimentary stratigraphy, including those units that preferentially host gold mineralization.

F2 folds occur on outcrop scale as tight to isoclinal folds that develop a penetrative axial planar
cleavage in fine-grained shale. - fold axes are highly variable in orientation (Fig. 6 b), in part due to
the non-cylindrical nature o f D2folds [26], and in part due to later folding overprints causing regional
(domainal) variability in the D 2 fold axes. In single outcrops where F-Fs interference folding is well
developed (e.g. Fig. 8), the orientation of - fold axes varies from near-parallelism with F s fold axes,
to high angles to Fsfold axes; a trend reflected in stereoplots of 2 (Fig. 6). The existence of largescale
(>100 m) I folds is evident from the regional distribution patterns of chert ridges (Fig. 3), and can
also be inferred from the domainal distribution of D s fold axes orientations (Fig. 6) as explained
below.
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Figure 5. Examples of shear zones in the Kukuluma terrain: (a) Closely spaced magnetitebearing
sheeted quartz veins intruded along a D 1 shear zone (Kukuluma pit); (b) Planar chert ridge (right)
cuts at a low-angle through primary bedding in a meta-ironstone unit along access road tc
Kukuluma. The chert is interpreted as a D1 shear zone; (c) Planar chert horizon E of Area 3. Th
margin of the chert parallels So in the surrounding sediments, but internally the chert is folded with
mylonitic characteristics attribute d to D1; (d) Ds low -angle reverse fault and associated recumben
folding in chert in Kukuluma pit; (e) Cataclasite and tectonic breccia zone along D s shear zone in
chert in Kukuluma pit; (f) D s, Kasata shear in NW corner of Matandani pit; (g) D+ fracture plane
characterized by the presence of(white) sericite and sulphide alteration in artisanal workings along
W wall of Matandani pit; (h) D 7 fracture plane with (white) sericite and slickenlines indicative of
normal -sinistral movement in artisanal workings a long W wall of Matandani pit .

Dsfolds are common and comprise upright to vertical folds that vary from open to near -isoclinal,
with tightening of the folds occurring near planar high strain zones. The S s axial planar surface is
generally near vertical and varies in trend from W to NW with orientations in the pits showing two
clear maxima around 210/80 and 350/75 (Fig. 6¢) as a result of Eolding (discussed below). Ss fabrics
vary in character from well -developed, closely spaced (<1 mm) planar crenulation cleavages in shale
(Fig. 7c), to more widely spaced, fracture cleavages in more competent silicified metaironstone beds.

The orientation of Fs fold axes varies in a systematic manner across the pits as a result of BDs
fold interference (Fig. 6). Along the S wall and W ramp of Kukuluma pit, F sfold axes generally plunge
shallowly E (ave. Fg = 091/17; Fig. 6¢). Towards the N wall of Kukuluma pit, Fs fold axes rotate to
near-vertical (ave. Fs = 287/83; Fig. 6¢). The same nearertical D3 fold orientation also dominates
outcrops in the area between Kukuluma and Matandani pits, and in the SW wall of Matandani pit.
Towards the NE wall of Matandani pi t, Fs fold axes vary between a near vertical plunge and a gentle
NW -SE plunge Fig. 6c). The bimodal distribution of Fs fold axes indicates that large-scale Dz folds are
present, with the hinge zone of one such fold trending in a general NE direction along the NW margin
of Kukuluma pit, and a possible second Fz hinge zone passing through Matandani pit. Before upright
Ds folding, the orientation of the composite So/S:layering would have varied from steeply N to NW
dipping in the S-part of Matandani pit and t he area between Matandani and Kukuluma pits, to
generally shallow dipping layering in most of Kukuluma pit and the N part of Matandani pit. This
pattern suggests the presence of a 500 m scale, possibly SE verging, asymmetric antiformal Bfold
with a NW di pping axial planar surface.

Outcrop scale vergence of Ds folds varies across the pits, reflecting large-scale Ds folding. Along
the S and W walls of Kukuluma pit, D sfolds generally verge N, whereas Ds folds along the N wall of
the pit verge S. This suggests that Kukuluma pit is positioned in the centre of a 500 m scale E to SE
trending, upright D s fold and occurs together with Matandani pit along the hinge zone of a large -
scale Dz anticlinorium.

D2-Ds fold interference patterns are common on outcrop-scale(e.g. 04181480688080; Fig. 8) and
are generally of type 2 [45,46] Interference patterns are characterized by crescent and hook shapes
(Fig. 8) and locally converge to type 3 fold patterns where F2and Fsfold hinges reach near-parallelism
[45]. Around Area 3, chert ridges define 500800 m scale type 2 fold interference patterns (Fig. 3).
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(d) (®)

Figure 6. (a) Orientation of poles to the intrusive diorite -sediment contacts as observed in drill core
and the field (N=38); (b) Orientation of F2 fold axes in Kukuluma and Matandani pits (N = 33).
Colour coding: red = S ramp in Kukuluma pit; blue = SW side in Matanda ni pit; green = NE side in
Matandani pit; ( c) Orientation of Ss, fold axial planes (great circles) and Fs fold axes in Kukuluma
and Matandani pits. Colour coding: red = S ramp in Kukuluma pit; orange = W ramp in Kukuluma
pit; brown = NW wall in Kukuluma pi t; blue = SW side in Matandani pit; green = NE side in
Matandani pit; (d) Orientation of Ss, fold axial planes (great circles) and Fs fold axes (red dots) in
Kukuluma and Matandani pits. S s and Fs are distributed in two clusters in either limb of D 4 folds.
S (blue great circle) equals the plane bisecting the obtuse angle = 290/65g] Orientation of F2 fold
axes in Kukuluma and Matandani pits in which the Kukuluma axes have been rotated clockwise
by 50 degrees around an axes of 287/65, to remove the effestof D4 open folding. Colour coding:
brown = rotated orientations along S ramp in Kukuluma pit; blue = SW side in Matandani pit; green
= NE side in Matandani pit; (f) Orientation of F3s fold axes in Kukuluma and Matandani pits in
which the Kukuluma axes hav e been rotated clockwise by 50 degrees around an axes of 287/65, to
remove the effects of Ds open folding. Colour coding: red = rotated F s orientations in Kukuluma

pit; blue = Fs orientations in Matandani pit.

271

272 Locally D 2-Ds fold domains are truncated by planar foliation domains that are unaffected by D »-
273 Dsfolding, except for the presence of isoclinal intrafolial folds within the foliation, good examples
274  can be seen along the SEvall of Matandani pit (e.g. 418180-9688300). Tiese foliation domains trend
275 NW across the central Kukuluma terrain and are generally near -vertical. They contain a moderately
276  to steeply W to NW plunging mineral lineation, L s, that parallels the axes of intrafolial folds within
277  the high strain domains. T he layering in these foliation domains is composite in nature with S o/Si/S2/Ss
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all transposed and parallel to each other, and they developed at the same time as D folding. The
regional distribution of these D s, high-strain zones cannot be assessed due tpoor outcrop exposure.

(b)

(© (d)
Figure 7. Examples of fold structures in the central Kukuluma terrain: (a) ductile, flame -like isoclinal
folds in turbiditic greywacke interpreted as folding associated with fluidization during D 1; (b) tight
Ds vertical folds in ironstone in SW Matandani pit; (c) close up of Ss spaced crenulation cleavage in
shale; (d) open recumbent Ds folding in chert bands.

3.3. D: gentle upright folding

D4 folds are gentle, cylindrical, upright folds with steep axial planes that warp S s (and earlier
foliations) on a 0.5-1 km scale. Dx folds are not clearly visible in outcrop, but can be seen when tracing
D: chert horizons or Ss along strike; e.g. across Kukuluma pit S s orientations change from steeply SW
dipping (ave. 210/80) in the NW corner of the pit to steeply N dipping (ave. 350/75) across the rest of
the pit as a result of large-scale, D: folding with a steeply W plunging fold axes and NW dipping fold
axial plane (Fig. 6d). Similar open folding of D s structures is apparent across the area (Fig. 3), with
the fold axial trace of D4 folds trending roughly NNE -SSW. No penetrative S fabric has developed,
but where D 4 folds affect thick chert layers, e.g. aound Area 3 a spaced NNE-trending fracturing can
be observed in Ds hinge zones.



