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The Kaapvaal Craton formed and stabilized 3.7 to 2.7 billion years ago. The assemblage of the
Kaapvaal Craton developed planes of weakness, including the ENE-WSW trending lineaments
known as the Thabazimbi-Murchinson Lineament and Magaliesburg-Barberton Lineament, and
structures contained between these distinct features. The structures (faults, dykes, and jointing)
that formed sub-parallel to the ENE-WSW trending lineaments strike in a NW-SE to NNW-SSE
direction. The main structural features intersected at Lonmin’s Marikana Operations include the
Spruitfontein, Marikana, and Elandsdrift fault zones, which coincide with the geological features
contained between the Thabazimbi-Murchinson Lineament and Magaliesburg-Barberton
Lineament.
Several shafts east of the Elandsdrift Fault Zone have experienced significant hangingwall
instabilities associated with the intersection of large-scale structures and associated secondary
structures related to the above mentioned lineaments. These structures traverse the massive
hangingwall pyroxenite layer, resulting in the destabilization of the layer and ultimately the
instability of expected stable stope spans. Furthermore, the presence of a clay-like undulating
plane of weakness on the boundary between the UG2 Chromitite layer (UG2 Reef) and the
overlying pyroxenite layer, which is associated with the crustal flexure, impact on the local
hangingwall stability and pillar behaviour. This paper provides an overview of the formation of
these prominent geological features and how these features impact on stope stability, and expands
upon the resulting failure mechanism and behavioural trends.

Introduction
The geological structures encountered east of the
Elandsdrift Fault Zone (EFZ) cause hangingwall
instabilities leading to problematic ground conditions on
Lonmin’s shafts on the eastern side of the Marikana
Operations. Faults, dykes, joints, reef-parallel layering, and
a clay-like undulating plane of weakness are the prominent
structural features exposed during development and stoping
operations. This paper provides an overview of the
formation of the identified geological structures causing
potential instability, the rock mass behaviour associated
with these prominent structures, as well as details regarding
the related failure mechanisms encountered during
underground mining.

Geographic location
Lonmin’s Marikana Operations (Figure 1) are located in the
North-West Province of South Africa, approximately 80 km
west of Pretoria on the southern portion of the western limb
of the Bushveld Complex (BC). The Marikana Operations
is divided into three mines known as Karee Mine, Western
Platinum Mine, and Eastern Platinum Limited (EPL). The
EFZ forms the natural boundary between Rowland Shaft to

the west and Newman and Hossy Shafts to the east. The
paper will focus on the associated ground conditions
encountered east of the EFZ (Figure 2).

Geological background
This section provides an overview of the formation of the
large-scale structures that contribute to problematic rock
mass conditions during the extraction of the Upper Group 2
(UG2) Reef. It is important to understand the formation of
these features in order to develop an understanding of
potential failure mechanisms encountered in the
underground mining environment.
The Kaapvaal Craton of South Africa (Figure 3) is one of
the oldest continental fragments that formed and stabilized
between 3.7 and 2.7 billion years ago (De Wit et al., 1992).
The formation of this type of craton can be related to the
process of modern-day plate tectonics through the addition
of new material by subduction-related processes and the
accretion of pre-existing terranes (De Wit et al., 1992). The
Thabazimbi-Murchinson Lineament (TML) and the
Magaliesburg-Barberton Lineament (MBL) are two distinct
lineaments along which the majority of material for the
Kaapvaal Craton accreted. These lineaments strike in an
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Figure 1. Location of Lonmin’s Marikana Operations (Bafokeng Platinum, 2014)

Figure 2. Marikana Operations’ operating shafts, major faults, and dykes (Lonmin, 2012)

ENE-WSW direction (Figure 3). The structures contained
between the TML and MBL predominantly trend in a N-S
to NNW-SSE direction, which coincides with the structural
features (faults, dykes and jointing) occurring in the
western limb of the BC (Bumby, 2011). These structures
can be explained by the reactivation of basement structures
that formed during the assemblage of the Kaapvaal Craton
and were reactivated during the intrusion of the BC (2.06
billion years ago).
The main structural features intersected at Lonmin’s
Marikana Operations, include the Spruitfontein, Marikana,
and Elandsdrift fault zones and dykes which coincide with
the geological features contained between the ThabazimbiMurchinson Lineament and Magaliesburg-Baberton
Lineament. The Elandsdrift Fault Zone (EFZ) is a NNWSSE trending fault that compartmentalizes the Marikana
Operations into an eastern and a western geotechnical
domain. The fault zone has an estimated vertical
displacement of 100–120 m (down-throw) to the east in the
shallower part of the operations.
The eastern part of the mine lease area is intersected by a
series of faults that includes the Saffy East, Saffy West, and
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Turffontein faults with reef displacements of 10–20 m. The
Harties West Fault has a displacement of up to 80 m. The
Roodekopjes Fault, with a displacement of >500 m, forms
the practical mining boundary towards the east of the
Pandora Joint Venture (JV) mining lease area.
Dykes appear as linear geological anomalies as defined
by aeromagnetic surveys (Figure 2). According to Lyons
and Du Plooy (2000), three ages of dykes have intruded the
Marikana Lease Area:
• E-W trending diabase dyke that formed pre-Bushveld
(Uken and Watkeys, 1997)
• NNW-SSE trending Pilansberg-aged dykes (Andersen,
2001)
• NW-SE striking Karoo-aged dyke (Lyons and Du
Plooy, 2000)
The dyke along the southern boundary of the lease area
(Figure 2) is the oldest and is displaced by NNW trending
Pilansberg age dykes. The NNW striking dykes coincide
with the strike direction of the pre-existing basement
structures that were reactivated by the intrusion of the BC
and alkaline complexes (Table I – Appendix). A
northwesterly striking Karoo-age dyke cuts across the entire
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mine lease area as indicated in Figure 2. Table I in the
Appendix summarizes the sequence of geological events
that may be associated with the major geological structures
prevalent on the shafts on the eastern side of the EFZ.
Jointing, associated with the faults and dykes is the most
persistent structural weakness encountered in the BC.
The BC intrusion, a 9 km thick mafic layered sequence, is
subdivided into the Marginal, Lower, Critical, Main, and
Upper zones (Kruger, 2005). The Merensky Pyroxenite
(Merensky Reef) and UG2 Reef are situated within the
Critical Zone.
Potential parting/weak planes that may exist in the
hangingwall and footwall sequence of the UG2 Reef are
indicated in Figure 4 (dashed lines). These locations may
have been subjected to movement along these transitional
layered contacts. Mining of the UG2 Reef has exposed
secondary structures (minor faulting, joints, and altered
material) and hence their association with the NNW-SSE
trending structures has been identified.
On some of the Marikana Operations, secondary
structures described as altered pyroxenite hangingwall or a
clay-like (chlorite-rich) undulating layer are exposed. The
occurrence of these alteration zones may be explained by
two theories resulting from studies conducted by Perritt and
Roberts (2007) and by Gebrekristos and Cheshire (2012).
Paleomagnetic evidence (summarized by Eales et al.,
1993) suggests that the layers of the BC were originally
deposited horizontally and the load of the BC and granites
caused crustal flexure/bending, leading to the formation of
centripetal dips of 10 and 20 degrees (Cawthorn and Webb,
2001). According to Perritt and Roberts (2007), the crustal
flexure/bending caused the mobilization and re-orientation

of the layers by means of a flexural slip mechanism (shear).
The slip usually occurs along layer boundaries and, with
reference to the UG2 Reef and the UG2A Markers, possible
layer-parallel faulting occurring along the top contact of the
UG2 Reef (Figure 4) as well as at the chromitite-pyroxenite
contacts (within the UG2A Markers) with infill comprising
chlorite and/or serpentinite. The contacts of the UG2 Reef
are not always sheared, therefore faults do not always
occur; but where layer-parallel faulting occurs along the
contacts of the UG2 Reef, it varies in extent and can be
present across several panels; i.e. approximately 50 m along
strike. These features have a significant impact on mining
activities because they contribute to unstable hangingwall
conditions.
The study by Gebrekristos and Cheshire (2012) suggests
that weathering in the hangingwall pyroxenite of the UG2
Reef can be intensified by the unique aquifer properties of
the UG2 pyroxenite in the area of the mining zone (5––7 m
below the aquifer). These specific aquifer properties of the
UG2 pyroxenite might have contributed to the formation of
the altered clay-like material. There is no certain reason as
to why the UG2 pyroxenite weathers more readily than
norite and anorthosite, but it could be due to the layering as
well as the specific mineralogical composition. The amount
of weathering and tendency to form aquifers varies for
different pyroxenites, as the weathering is dependent on the
composition of the constituting pyroxene minerals. In a
deeper fractured bedrock aquifer system, the infiltration and
flow of groundwater are mainly associated with small-scale
faults and minor jointing rather than large-scale regional
faults, which were found to be comparatively dry (Titus et
al., 2009). The storage of groundwater is mainly restricted

Figure 3. Location of the Kaapvaal Craton, associated structures, and the position of the Bushveld Complex with reference to South Africa
(Olsson et al., 2011)

Figure 4. Stratigraphic column in the vicinity of the UG2 Reef (Lonmin, 2011)
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Figure 5. Representation of UG2 hangingwall layers – sectional view

to the UG2A Markers above the UG2 Reef, because of the
enhanced weathering along the boundary of the chromitite
and pyroxenite layering.

The impact of regional structures on
underground mine stability
Over the past ten years Lonmin has developed strategies to
enhance stability in mining areas that were historically
subjected to large-scale collapses and other instances of
instability. The strategies applied, although not described in
detail in this paper, were developed by studying the effect
of mining activities on rock mass behaviour and
understanding the factors that contribute to instability.
Many of the characteristic trends identified can be linked to
the formation of the rock mass, pre- and post-Bushveld as
described in the previous section. This section expands on
many of these behavioural characteristics to provide an
overview of the rock mass behaviour in areas where distinct
regional geological structures are present.
Beam stability
Jointing, associated with the prominent faults and dykes, is
the most persistent structural weakness encountered in the
BC. The number of joint sets varies, but generally at least
three sets are present. Towards the east, one joint set strikes
predominantly NNW-SSE; parallel to the dominant fault
orientation. The joints are near vertical and may contain
talc-sericite infill. A second joint set strikes ESE-WNW,
dips at 60 to 80 degrees, and frequently contains pegmatite
infilling. A third joint set is approximately vertical and
strikes NE-SW. Joint set orientations and spacings vary
across Marikana Operations. Low-angle joints occur
randomly across the operations.
The UG2 hangingwall pyroxenite (HW1) varies in
thickness from 4 m in the west to 12 m in the east and is
overlain by 12–15 m of Mottled Anorthosite (HW2). The
contact between HW1 and HW2 can be a potential
weakness plane, often containing a thin chromitite stringer
along the contact, from which beam separation may occur,
(More O’Ferrall, 2003). The UG2 pyroxenite in turn is
divided into two zones (HW1b and HW1a) by chromitite
layers locally referred to as the UG2A Markers. These
represent a dominant parting plane. On all operations across
the BC, the support strategy when mining the UG2 Reef is
to support the pyroxenite layer below the UG2A Markers
(triplets), as these chromitite layers are well-known parting
planes posing a significant instability risk. The strategies
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implemented differ depending on the location of these
layers above the UG2 Reef. At Lonmin, the UG2A Markers
may be situated directly above the reef (Karee) or as high as
10 m above the reef (EPL). The support strategy will thus
vary from suspension bolting (when not included in the
mining cut) to active elongate support, sometimes including
passive stiff pack support units capable of supporting 10 m
of deadweight loading.
It is essential to know the location of the potential
hangingwall partings and their behaviour to apply a suitable
design criterion to the applicable behavioural mechanism
when designing stable spans. Figure 5 represents the
typical hangingwall layering above the UG2 Reef. The
HW1b beam behaves as a discontinuous layer of which
keyblock and rotational wedge failure is evident (unless
adequately supported) where low-angled joints are
intersected by regular joints. However, the HW1b
pyroxenite beam to the UG2A Markers can be modelled as
a Voussoir beam if low-angled structures are reinforced by
in-stope tendons and the dip of the structures is
predominantly above 70 degrees. The HW1a pyroxenite is
massive to widely jointed, varies in thickness, and has a
weak contact at the HW1a/HW2 intersection. Historical
collapses at E3 Shaft (More O’Ferrall, 2003) identified this
as a potential parting plane that must be catered for in the
support design strategy. The behaviour of this beam is
representative of a Voussoir arch. The HW2 mottled
anorthosite can be characterized as massive to widely
jointed, and its behaviour can thus be described as that of a
flawed elastic layer to which linear elastic theory applies.
Due to the thickness and properties of the HW2, analyses
will result in supercritical spans that cannot be achieved by
the lower HW1a/b stratigraphy and which therefore should
not be included in the panel span analysis.
However, despite applying suitable design criteria to
determine stable stope spans for decades, instabilities do
occur at EPL where either lineaments or dykes are
intersected (Du Plessis, 2009; 2010). These regional
structures, as indicated in an aeromagnetic survey (Figure
6), traverse the hangingwall layers and result in large-scale
instabilities, separating along the HW1a/HW2 contact
(Figure 7).
Underground observations indicated possible detachment
of the pyroxenite hangingwall beam from the HW1a/HW2
contact situated approximately 13–15m above the UG2
Reef. The in-stope support design, which comprised prestressed timber elongates spaced to support to the UG2A
Markers (which are present 8–10m above the top contact of
the UG2 Reef) failed (Figures 8 and 10). Geological

‘PLATINUM METAL FOR THE FUTURE’

Figure 6. Aeromagnetic representation of regional structures
Figure 8. Underground observed behaviour. Exposed low-angled
structure resulting in beam bending and overloading of support –
cantilever effect

Figure 7. HW1 sheared contact visible in an open pit operation in
close proximity to the Pandora JV

drilling in the affected areas confirmed this. The
mechanism of failure can be ascribed to the following:
• Where lineaments or other regional low-angled
structures intersect the mining area, the intact
hangingwall beam is cut off at one end and may
therefore be defined as a cantilever beam (Figure 12).
After the cantilever reaches a critical span, the amount
of convergence sustained by the deflecting beam
cannot be absorbed by the timber elongates (Figures 8
and 9)
• Where structures that define a cantilever beam are
present, they induce a horizontal tensile stress in the
defined beam. The tensile stress is sufficient to
unbalance the confinement provided by the prevailing
horizontal compressive stress (k-ratio = 1.8), resulting
in instability. As the rock is in tension, little or no
clamping forces are present. The defined beam may
therefore detach from potential parting planes. The
effect is realized only when the in stope timber
elongates show signs of premature failure due to their
loading capabilities being exceeded once a critical
mining span is reached (Figure 9)
• A secondary effect of the tension induced in the rock
mass is further unravelling in the back area as key

Figure 9. Representation of dip mining layout and associated
beam behaviour (Du Plessis, 2009)

blocks defined by intersecting joints unwedge and fall
out. Indications of beam bending may also manifest as
spalling on the upper corners of in-stope pillars.
Similar behaviour was observed on a shaft where mining
was taking place between two major dykes approximately
600 m below surface. In these panels the pre-stressed hard
gum elongates snapped, indicating excessive loading
(Figure 10). Furthermore, some joints opened and fracture
propagation through intact rock was observed in the
affected panels as a result of the abnormal closure and
beam bending.
The majority of the dykes, by definition, are younger in
age and have intruded subsequent to the formation of the
host strata. As a result of the vertical intrusions, the ground
between the dykes would have been compressed (Figure
11). Measurements at this location indicated a high WNWESE stress, oblique to the major regional geological
structures (faults and/or dykes) and different from that
experienced on the rest of Marikana Operations, where the
prominent orientation is NNW-SSE. The ratio of horizontal
to vertical stress is 1.8. Furthermore, the beam integrity was
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most likely affected as a result of the beam cut-off due to
the dyke intrusions. This may have influenced the overall
beam and rock mass behaviour. Figures 11 and 12 indicate
the probable hangingwall beam behaviour through the
interaction of the dyke, jointing, and horizontal parting
planes.
Hangingwall stability
The mining direction must take the prominent geological
structure into account to ensure that the most stable mining
layout is achieved. For example, as with faults and dykes,
the approximately NW-SE striking lineaments impact on a
larger scale and are thought to traverse the entire
hangingwall pyroxenite package. The common jointing
traverses the hangingwall layers but typically terminates
against the UG2A Markers. In this case, breast mining
provides a more stable layout with the cantilever span being
controlled by the advancing face and in-stope support units.
This was confirmed through the application of joint
modelling (Van Zyl, 2011) using JBlock software.
An integrated support strategy is required to ensure that
all of the design criteria are met for a given geotechnical
environment. This includes taking cognizance of the
historical recorded falls of ground (95% fallout height),

discontinuous fracture or parting heights (i.e. duplex
structures/domes, infilled undulating parting planes, stress
failure as a result of rock extension failure, etc.), and the
critical beam thickness (parting planes). Figure 13 is a
representation of an integrated support strategy as applied
on some of the EPL shafts, indicating the support
requirement, function, and influence of various support
systems implemented. In this instance, pre-stressed timber
elongates, cementitious grout packs, and in-stope tendons
are used, each fulfilling a specific support function. In most
cases, support strategies are formulated based on historic
cases of instability.
In some areas, altered hangingwall pyroxenite comprising
a chlorite and/or serpentine-rich clay-like layer is present
just above the UG2 Reef (Figure 14). This altered layer
varies in thickness from 1 cm to 1.1 m both on strike (E-W)
and on dip (N-S). The altered hangingwall material may be
included in the planned mining cut if it is less than 40 cm in
thickness; otherwise it will result in an uneconomical
mining cut. Furthermore, the increased stoping width will
impact on the pillar dimension (width–to-height ratio) and
in-stope support requirements (slenderness ratio and
practical support application). Additional areal and
secondary support may also be required if the altered
material proves to be difficult to undercut. The clay-like
layer undulates and may also migrate higher up to the
UG2A Markers. Joint opening has been observed as a result
and may be attributed to the regional structures creating
beam cut-off along distinct parting planes such as the
UG2A Markers. This results in unstable hangingwall
conditions. Stoping in these areas is challenging, if at all
achievable. Hartzenberg (2014) indicated that this has

Figure 10. Support units exposed to dynamic loading, resulting in
snapped timber elongates and compressed grout packs. Effect is
exaggerated along the exposed edge of the cantilever beam
Figure 12. Beam behaviour – sectional view (Du Plessis, 2010)

Figure 11. Interpreted beam behaviour – sectional view (Du
Plessis, 2010)
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Figure 13. Representation of support requirement and support
influence – sectional view (Du Plessis, 2010)
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resulted in the sterilization of 11.4 per cent of the ore
reserves in an affected area. However, improvements in
technology and mining methods may enable these reserves
to be extracted in the future.
Support units must be fit-for-purpose. In thick beam
areas, stiff active tendon support is required to inhibit beam
bending/flexing. Furthermore, although the stoping
environment is considered a temporary excavation,
significant corrosion can take place especially where
tendons are installed through the UG2A Markers, which
have distinct aquifer properties. An inappropriate choice of
tendon support may result in significant hangingwall
instabilities (Figure 15).

Figure 14. Undulating clay-like layer

Pillar behaviour
As previously mentioned, an undulating clay-like layer may
be present along the top contact of the UG2 Reef (pillar)
and hangingwall contact. The impact of this weak material
on pillar behaviour has been studied and modelled (Malan,
2008). The presence of this layer results in the pillars

Figure 15. Friction-anchored tendons failed along the UG2A marker (triplet) interface as a result of corrosion

Figure 16. Pillar behaviour – hour-glassing (left)and axial splitting (right)
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splitting axially as opposed to the expected hour-glassing
should the pillar be loaded to failure (Figure 16). This effect
should be taken into consideration in the design criteria
applied for underground workings where the weak layer is
present.

Conclusions
The shafts mining east of the Elandsdrift Fault Zone (EFZ)
have historically experienced significant hangingwall
instabilities associated with the intersection of major
structures and associated secondary structures.
The assemblage of the Kaapvaal Craton formed planes of
weakness, including the ENE-WSW trending lineaments
and structures contained between these distinct features.
The main structural features intersected at Lonmin’s
Marikana Operations include the Spruitfontein, Marikana,
and Elandsdrift fault zones, which coincide with the
geological features contained between the lineaments. The
main structures, as well as associated secondary structures
(including partable weakness planes, altered pyroxenite
hangingwall, or clay-like undulating layers), impact on the
stability of the geological layers in the vicinity of the
economically viable mineralized layers.
An overview of the formation of the identified geological
structures causing potential instability during development
and stoping operations has been presented. The strategies
applied, although not described in detail in this paper, were
developed by studying the behaviour of the rock mass in
response to mining activities and understanding the factors
that contribute to instability.
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APPENDIX A
Table I
Summary of the sequence of geological events that may be associated with the major geological structures prevalent on the shafts on the
eastern side of the EFZ
Geological event
Kaapvaal Craton (Figure 3) formed and stabilized
Magmatic accretion of blocks formed the craton’s nucleus
Blocks formed and combined to form a larger continental block
Formation of craton relates to the process of modern-day plate tectonics:
addition of material by subduction-related processes and accretion of
pre-existing terranes
Majority of terrain accretion along two distinct ENE-WSW trending suture
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Colesberg Lineament (Figure 3) trends NNW-SSE accommodated the accretion
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Assemblage of Kaapvaal Craton formed planes of weakness that were
reactivated during the intrusion of the Bushveld Complex (Figure 3)
Evolution of faulting contained between the two suture zones (MBL and TML)
largely reflects the linkage of non-coplanar structures by fractures. Faults and
fault zones have systematic discontinuities and are segmented along strike
(Figure 3)
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EFZ trending NW-SE to NNW-SSE direction (Figure 2). These structures
formed along pre-existing planes of weakness
Intrusion of alkaline complexes, Pilansberg, and pilansberg dykes trending NNW
Karoo-age dyke trending NW
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