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Abstract. The geology intersected by a mining excavation dictate the rockmass condition and
stability of the excavation. The general geologic structure of the UG2 Reef horizon with regard
to rock type, jointing and potential parting planes are well understood. Mining layouts and
support applications are applied to control the anticipated rockmass behaviour. Case studies
conducted at several instability sites have, however, revealed that in most cases the rockmass
behaviour is controlled by the geologic structure which may appear as intact joints visible from
scanline or borehole core mapping. The significance of these structures within the hangingwall
is mostly not visible in a 3-dimensional space. The prominent structure is related to
deformation processes which crosscut the strata and ramp to areas with strength competent
contrasts (i.e. stringers or alteration layers). As a result large-scale instabilities may occur. The
extent of these structures are only realised following large-scale instability. At the study site a
combination of visual observations, scanline and borehole mapping, ground penetrating radar
and high definition 3-dimentional laser scans were used to interrogate the geologic structure
intersected along the hangingwall of a stope contributing to the instability experienced. The
intent was to identify the precursors of these “unidentifiable” structures present in the
unexposed hangingwall. The paper discusses the findings of the investigation conducted.

1. Introduction

The geologic features intersecting the UG2 Reef are mostly consistent. The reef is generally
characterised by 2 to 3 consistent joint sets. Furthermore, there are prominent Chromitite stringers
present in the hangingwall (HW). These stringers (also referred to as UG2A markers or triplets) vary
in location above the reef. These are known weakness planes which further define a persistent and
potential instability boundary.

The shallow dipping (8 - 20 degree) narrow tabular reef (1 - 2 m wide) is continuous and may be
disrupted by faults, dykes, potholing or iron rich replacements. Conventional mining layouts comprise
of an approximately 30 m inter-pillar mining span extracting the reef at a mining height of about
1.2 - 1.5 m between levels spaced approximately 180 m apart on dip.

The hangingwall stope support generally consist of a combination of tendons and timber elongates
and / or cementitious grout packs. The tendon and elongate support design cater for 95 percent of the
historic fall of ground (FOG) thickness. The units are installed at a 1 — 2.25 m? spacing. Tendon
lengths are constraint by the mining height or application restrictions. An active support system is
considered in this environment as the hangingwall above a stope is in tension (k ratio = 2). Support is
installed as close to the mining face as possible to reduce instances of fall of ground incidents in the
unsupported face area post the blast. Tendon and elongate support lag the mining face by
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approximately 1.5 m and 3 m post the blast respectively. Additional and back area support is supplied
by the application of cementitious grout pack support, if required.

The interpretation of geologic structures is important as these influence the mechanisms driving
rockmass failure as encountered during the extraction of the reef. The mine design and layout of a
shaft should be based on the geotechnical parameters of the specific mining block. This should include
the impact of both regional and secondary geologic structures exposed in the underground mining
operation. Anomalous or unexpected conditions encountered could contribute to large-scale falls of
ground, unstable beam behaviour, unpredictable pillar behaviour or support failure [1, 2, 3]. All of
these incidents could significantly impact on the health and safety of mine workers as well as cause
detrimental financial losses as a result of the instability risk and loss in production. On many
operations, mining layouts are inherited from best practices on a mine or to accommodate a specific
mining method. The consequence of mining in unfavorable conditions is often only realised once
significant instabilities are experienced.

The local geology encountered (small scale) can, however, be related to events that contributed to
the regional geology (large-scale) associated with the pre-, syn-, and post Bushveld formation and
deformation [3, 4]. Most Geologists and Rock Engineers are unfamiliar with these structural
complexities and can therefore not identify the precursors to potential instabilities. Also, the visual
identification of low-angled structures remain challenging, especially in a low stoping width
environment with limited exposure. A large number of fall of ground fatalities in the platinum
industry, especially on the UG2 Reef horizon, have been associated with the intersection of low-angle
structures with steeply dipping joints, faults or pegmatite veins. The intent of this paper is to share the
learnings from a study site where various tools were used to assess the significance of the geologic
structure on the behaviour of the rockmass. The intention is to understand the 3-dimensional spatial
occurrence of the structures and the impact it has on the excavation stability.

Figure 1. Example of a large-scale fall of ground along a WNW trending Marikana structure. The
FOG comprised an area of 30 x 30 m failing all of the support. The height of the FOG was in excess
of 5m.



2. Background

On a regional scale, the Bushveld Complex (BC) is contained between two ENE-WSW trending
Mesoarchaean suture zones [5]. Pre-Bushveld (>2.6 Ga), structural deformation zones developed
between these two lineaments in the Mesoarchaean-Palaeoproterozoic basement, striking NNW-SSE
and NE-SW. This coincides with the major geological structures occurring along the Western Limb of
the Bushveld Complex [6]. These two fault systems are part of the NNW-SSE striking Mesoarchaean
(2.98-2.97 Ga) Pongola rift and the NE-SW striking Neoarchaean (~2.72-2.64 Ga) Ventersdorp rift,
both representing craton-wide impactogenal rift systems. Tectonic rejuvenation of these rift systems in
pre-, syn- and post-Bushveld times resulted in younger faults and joints to develop across the
Bushveld Complex by nucleating from their Archaean counterparts.

Geological structures exposed at underground mining sites include minor faults and joints striking
predominantly NNW-SSE and WNW-ESE, subordinately NE-SW, which coincides with the strike
orientation of large-scale structures on local (mine) and regional (craton) scale.

Paleomagnetic evidence [7] suggests that as the layers of the Bushveld Complex were originally
deposited in a horizontal manner, the load of the Bushveld Complex and overlying granites caused
crustal flexure / bending [8], leading to the formation of centripetal dips of 10 and 20 degrees. The
crustal flexure / bending caused the mobilisation and re-orientation of layers by means of a flexural
slip mechanism (shear) [9]. Two deformation (D) events could be associated.

e DI: (out of the BC as a result of crustal loading and bending). This resulted in reverse dip-
slip movements (flexural-slip thrusting) along prominent lithological contacts under ductile
conditions, accompanied by protomylonite formation and intense hydrothermal alteration
(serpentinisation) within the shear zones.

e D2: (into the BC as a result of gravitational sliding). This resulted in extensional (normal
dip-slip) movements under brittle conditions, reactivating flexural-slip thrusts and
developing a new extensional shear fracture system around them. These result in
cataclastic overprinting of older protomylonites and are accompanied by intense
hydrothermal alteration (calcitization) and calcite veining. It is important to note that the
effects of D2 are not always present.

Layer-parallel shears (faulting) or shear zones with associated hydrothermal alteration
(serpentinisation, chloritisation) may develop along layer boundaries such as the top contact of the
UG2 Reef and / or along Chromitite-Pyroxenite boundaries in the hangingwall of the UG2 Reef.

Compressional and extensional interlinking low angled ramps/duplexes can splay from individual
shear zones and can merge with others at various stratigraphic levels, i.e. forming an interlinking
compressional and extensional duplex system between layer-parallel shear zones (e.g. reef and
triplets).

The result is a complex reef horizon intersected by both regional and secondary associated
structures. The immediate periphery of the hangingwall may be dominated by the intersection of low
angled keyblocks where steeply dipping and low angled joints intersect. This may be controlled with
the application of tendons. On a panel scale, both low angled joints and ramp structures may crosscut
the strata and intersect prominent instability planes such as the UG2A markers resulting in potentially
large-scale instabilities. This is exacerbated where prominent contacts have been altered between
stratigraphic layers representing significant strength competence contrast boundaries. The mechanism
and associated scale of the potential instability is not identified or comprehended by the Rock
Engineer, resulting in an extent of instability which cannot be accommodated by the installed supports.

3. Study site

Anomalous rockmass behaviour experienced at a mine extracting the UG2 Chromitite Reef along the
Western Limb of the BC, was attributed to the unexpected cracking of the installed modular
cementitious grout packs, scaling of the non-yield pillars situated between adjacent breast panels, and
movement along the vertical hangingwall joint planes [10]. The investigations conducted confirmed
that the unforeseen loading of the grout packs and the uncharacteristic pillar behaviour was related to



structurally induced hangingwall instability. At the site approximately 5 — 7 mm of inelastic
hangingwall deformation was measured. From the borehole camera survey conducted, it appeared that
minor separation occurred along the joint planes situated in the immediate hangingwall (< 3m above
the reef). This was attributed to a lack of “active” support provided by the applied support system.
Once this initial separation occurred, it translated to further detachment along weakness planes and
along other prominent intersections higher above the reef (between 8 — 13.7 m above the reef).
Consequently, large-scale instability was experienced.

To improve the understanding of the instability experienced, the area and data collected was
revisited. The intent was to identify precursors to the potential rockmass instability at the affected
area. Scanline mapping of the geologic structures intersected along a 20 m length of hangingwall
along the impacted raiseline was conducted (Figure 2). The scanline intersected the location where a
borehole was drilled from which core was extracted and where a borehole camera survey was
conducted [10]. In addition, ground penetrating radar (GPR) was used to obtain information of the
unexposed structure within the scanned length of hangingwall (Figure 3). GPR transmits
electromagnetic waves into the strata and measures changes in the reflective signal defining different
geophysical properties [11]. This may be used to assess the subsurface profile of a rockmass. In
addition, high-definition scans using remote sensing digital imaging technology [12] was used to
produce a high resolution 3-dimentional point-cloud of the mined excavation. This assisted in
evaluating the exposed structure (refer to Figure 2c as an example). Where frequent and consecutive
scanning is conducted, it can be used as a tool to determine precision excavation deformation.

3.1. Data collection and interpretation

Three prominent joint sets were mapped. These comprised of; (J1) WNW orientated pegmatite veins
(Marikana structures — Figure 2a) dipping at approximately 65 degrees towards the South, (J2)
NE-SW trending near vertical joints and, (J3) NW-SE trending joint clusters dipping at approximately
60-80 degrees towards the North (sympathetic to the major fault orientation — Figure 2c). From
observations underground, a D1 ramp-structure was identified along a keyblock failure (refer to
Figures 3c and 4, with reference to location 1V). Alteration was identified along the top reef contact,
and within the borehole along the triplet package and the HW1 / HW2 contact. These are associated
with flexural slip (shear) along these layer boundaries. The structure identified at the site corresponds
well with the regional structures resulting from the formation and deformation events as described in
section 2.
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Figure 2. Scanline mapping conducted along the affected raisline. Three different joint sets could be
identified as denoted J1, J2, J3. Figures 2(a-c) are photographs of the hangingwall where these
structures were intersected and show the condition of each structure. The traces of the J2 joints were
very difficult to randomly locate along the hangingwall. Figure 2c is an image created by the high-
definition scanner. The cracked, loaded modular groutpacks are visible along the shoulders of the
raiseline (marked with an X).

The GPR scans indicated zones of high alteration along the triplets and the HW1/ HW2 contact.
The position and condition of the triplets and HW1 / HW2 contact was substantiated by the borehole
log and camera scans previously conducted [10] (refer to Figure 4, photographs I and III). In all the
scans conducted, a high reflection was obtained along J1 (pegmatite vein) intersections. Figure 3
combines the mapped data from along the raiseline with the GPR output generated. The orientation of
the J1 and J3 joints were extrapolated across the image at the measured dip angle as these are known
to be prominent structure crosscutting the various stratigraphic layers [3]. Also, the intersected
Marikana and D1 structure (Figure 4, photograph IV) defining the observed wedge failure
(marked S2) could be identified in the GPR output. Interpretations from the scanned data infer that the
D1 structures ramp to the HW1/HW?2 contact. Of significance was the identification of D2 structures
which appear to originate from the mapped near vertical J2 joint locations. These ramped to the triplet
location situated approximately 8 m above the reef at this site (Figure 5b is an example of a D2



exposure). This was a new and insightful finding. Additional scans at other locations should be used to

verify this output.
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Figure 3. Results from the GPR scan conducted along section 5.5 — 10.5 m of the mapped raiseline.
The intersected borehole position is marked as S1 and the observed keyblock failure as S2. Figure 3a
shows the scanline data overlain on the GPR image. Figure 3b shows the traced ramp structures
inferred from the scan output generated. Figure 3c presents a line diagram of the interpreted structure,
mapped, logged or scanned. Annotations (I-1V) relate to the photographs in Figure 4.
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Figure 4. Photographs relating to annotations in Figure 3c at the specific locations. (I): alteration
visible from the borehole camera scan along the HW1/HW2 contact. (11): indicates the steep dipping
thrust fault intersected along the borehole core associated with the J3 joint mapped underground. (I11):
highly altered and sheared top triplet. (IV): the keyblock failure observed underground where a J1
joint intersected a D1 ramp structure.

The value of having multiple sources of data created an improved interpretation and understanding
of the mechanisms destabilising and potentially impacting on the overall behaviour of the rockmass.
The results show that the mapped structure (Figure 2) does not necessarily reflect all the structures
present within the sub-surface of the hangingwall. Unfavorable rockmass behaviour is therefore only
seen when there is an instability. Small-scale instabilities are typically dealt with by site specific
recommendations such as the wedge failure in Figure 4, photograph IV. In this case additional support
would be installed along the structure which contributed to the instability, addressing the small scale
FOG hazard. However, if the structure defining the instability is not understood, the significance of the
DI ramp structure would not have been identified by the Rock Engineer or Geologist resulting in a
much larger scale instability risk.

The GPR scans were valuable to identify the presence of multiple D1 and D2 ramp structures
present within the hangingwall. To the Geologist mapping the area, these would have been
“unidentifiable” structures, unless there was fallout along such a structure or a trace visible along the
sidewall of the unmined raiseline. In such a case, it would have been mapped as a low angled joint.
These structures significantly impact the stability of the mined excavation.

Both the mapped structure and the structure identified in the GPR data are shown in a lower
hemisphere stereographic projection (Figure 5). It is obvious that the structure mapped (Figure 2) does
not completely represent the actual structure present in the rockmass. Various additional intersecting
joint planes are in fact present, defining multiple sources and magnitudes of potential instability.



Figure 5a and 5b demonstrates the potential consequence of not being able to identify the precursors to
the sources of instability, resulting in large-scale falls of ground and ore reserve write offs.

Figure 6 represents a simplified 3-dimentional illustration of the actual structure which may be
present within the hangingwall of a UG2 mining stope. The network of interlinking ramp structures or
alteration surfaces may not have been identified, contributing to large-scale instabilities where other
prominent structure is intersected.

Figure 5. Lower hemisphere stereographic projection of the mapped and scanned structure intersected
along the raiseline. Figure 5a shows the collapse of a stope along an E-W trending pegmatite vein
(J1). The intersected J3 joints are also visible along the failed J1 joint plane exposed by the collapse.
The instability comprised an area of approximately 30 x 50 m which detached approximately 8 m
above the reef. Figure 5b shows the intersection of a D2 ramp structure in the back area of a stope.
The edge of the structure is kept intact by the installed support. A large-scale FOG did occur along the
face of this stope where this structure ramped into the hangingwall (not visible), resulting in the
associated instability and the abandonment of this panel.
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Figure 6. Three-dimensional representation of the geologic structures that contribute to the large-scale
instabilities [3]. The complex network of interlinking and crosscutting structure is evident in the
diagram.




4. Conclusion

The interpretation of geologic structures is important as these influence the mechanisms driving
rockmass instability. The paper describes how the local geology exposed by mining can be related to
events that contributed to the regional geology associated with the pre-, syn-, and post Bushveld
formation and deformation. Most Geologists and Rock Engineers are unfamiliar with these associated
structural complexities which may be present during the extraction of the UG2 Chromitite Reef. In
addition to the obvious geologic structure which is typically mapped and observed along an
excavation, the surrounding rockmass may comprise a complex network of interlinking ramp
structures or alteration surfaces which may not have been identified. These contribute to the large-
scale instabilities experienced at many UG2 mines. The intent of this paper was to share learnings
from a study site where there was known instability, using various tools to assess the visible and
“unidentifiable” geologic structure present. The aim was to understand the 3-dimensional spatial
occurrence of the structures and the impact it had on the excavation stability. A combination of visual
observations, scanline and borehole mapping, ground penetrating radar and high definition
3-dimentional laser scans were used. The value of having multiple sources of data created an improved
interpretation and understanding of the mechanisms destabilising the rockmass. This can guide on the
most appropriate design criterion to prevent anomalous or unexpected conditions which could
contribute to large-scale falls of ground, unstable beam behaviour or unpredictable pillar behaviour. It
must, however, be noted that in most cases, the application of GPR, borehole camera surveys, point
cloud scans or various forms of instrumentation are not suited as day-to-day tools. It may be useful
applications to consider if a better understanding is required of the subsurface “unidentifiable”
structure or the rockmass behaviour at a specific site. Signatures were identified in the various sources
of data acquired which could guide as precursors to some of the “unidentifiable” problematic structure
present. Interpretations of GPR and borehole scans remain complex and are of little value if the
structure and corresponding data is not understood.
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