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Identification of structures capable

of hosting the My, 5.5 Orkney South
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controlling the physics and mechanics
of dynamic rupture
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Jr.H. Ogasawara®“ Y. Yabe®**, DSeis team*

Abstract

On 5 August 2014, the Orkney M5.5 earthquake, the largest in South African gold mining districts,
occurred with an unusual strike-slip mechanism at great depth of 4.78 km below the surface. In
a rare case, the My 5.5 earthquake occurred within the area covered by the legacy 2D and 3D
reflection seismic data acquired in the 1990s and 2000s for gold exploration and mine development.
In addition, the earthquake My 5.5 rupture plane was recorded and accurately delineated by the
underground in-mine seismic network near the source region. The integration of the legacy 2D
reflection seismic data and mine seismicity data allowed us to identify a near-vertical structure,
striking northnorthwest-south southeast (NNW-SSE). The ICDP-DSeis team drilled three holes
(Hole A, Hole B, and Hole C), and two holes (Hole B and Hole C), intersected the upper edges of
the My 5.5 rupture. These holes recovered metasediments, metabasalts, intrusive rocks including
dolerite sills and lamprophyre dykes adjacent to the fault zone, and the fault gouge. Late Prof. Tullis
Onstott and geomicrobiologists installed a packer in Hole A and successfully recovered saline water
and detected gas (~10 MPa). Slip weakening and rupture propagation are significantly influenced
by the existence of fault gouges and the production of wear material between two sliding rock
surfaces. Using the fault gouge material recovered from Hole C, we conducted friction experiments
under dry and room temperature conditions at high slip velocity of ~100 mm/s and normal stress
of 2 MPa. The resulting steady-state frictional strength was ~0.66 over a slip weakening distance
of ~9.1 m. The steady-state frictional strength was high, which may be caused by large gouge
thickness, and the rate of wear generation. As a result, it is proposed that the Moab Khotsong
ML 5.5 seismogenic zone is complex and could be controlled by three main processes: a) the
complex structural architecture of the seismogenic zone (e.g., intersection of fault, lamprophyre
dykes, and dolerite sills); b) the mechanical process induced by tectonic and/or mining related
stresses; and c) the mechanical and chemical processes caused by the water and rock interaction.
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Introduction

Mining at deep levels in highly stressed rock mass may induce earthquakes and pose risk to the life of
workers, mine infrastructure, and the public. The study area is located under the Moab Khotsong mine at

a depth of 4.78 km below surface (Figure 1), where the largest earthquake recorded in the Witwatersrand
Basin, South Africa, occurred in 2014 with a local magnitude of My 5.5. The vibrations caused by this
seismic event were ‘felt’ across South Africa and some neighbouring countries, e.g., Mozambique, with one
recorded death (Midzi et al., 2015). The assessed damage was valued at ~R130 million (USD 8.6 million)
(Midzi et al., 2015). Though these large seismic events may result in damage and loss of life, they also
provide a rare opportunity to study the physics and mechanisms of earthquakes near source regions, which
may enhance our understanding of seismic hazard and mitigation strategies (Durrheim, 2012).

This My, 5.5 earthquake prompted seismologists, in particular the ICDP - DSeis team of the
International Continental Scientific Drilling Programme, who are drilling into seismogenic zones of My,
2.0 - 5.5 earthquakes in deep South African gold mines, to pose a few fundamental research questions
relevant to this study: (1) what is the nature of fault rock that hosted the My 5.5 earthquake? (2) what is
the role of geology? and (3) what is the geological structure (fault, dyke, or sill) related to this earthquake?
(Ogasawara et al., 2019). The ICDP - DSeis team drilled into a number of active faults. These seismogenic
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Figure 1—The Witwatersrand Basin showing all the goldfields including our study area - Klerksdorp goldfields, Moab Khotsong mine (modified from Dankert and

Hein, 2010)

zones are situated at deep level and highly stressed rock mass

in South African gold mines, including the Moab Khotsong My
5.5 earthquake rupture. The Moab Khotsong My, 5.5 seismic

event occurred at 4.78 km, which is 1.78 to 2.78 km below the
mining levels situated between 2.0 and 3.0 km depth. The faulting
mechanism was characterised as strike-slip (Ogasawara et al., 2017).
This was distinct from the common ‘normal faulting’ mechanism
associated with mining-induced activities in this region. This study
forms a portion of a greater ICDP-DSeis project. The broader aims
of the ICDP-DSeis project include the investigation of the extent of
damage, the stress state around the fringes of the earthquake, and
the potential existence of living organisms associated with deep-
level earthquakes. The ICDP-DSeis team comprises international
researchers from South Africa, Japan, Germany, Switzerland,

the USA, Israel, and India. The DSeis team completed drilling at
Moab Khotsong to intersect the My 5.5 rupture and recovered
fragile fault rocks (Ogasawara et al., 2017). In this study, we focus
on the identification of structures capable of hosting the My 5.5
Orkney, South Africa, earthquake, and investigating the fault rock
composition, frictional properties, and the architecture of the
‘unusual’ strike-slip fault in deep mines.

Mine seismicity

Unique to this study, is that the My 5.5 earthquake was recorded
with a dense and high resolution in-mine seismic network. The
in-mine seismic network consisted of 46 triaxial geophones with a
frequency of 4.5 Hz and a sampling rate of 6 kHz. The geophones
were located near the My 5.5 earthquake at mining levels between
depths of 2.0 km and 3.5 km (Imanishi et al., 2017). Using this
dense in-mine seismic network, which is located near the source
region, more than 2000 foreshocks and aftershocks were recorded
from 4 August 2014 to 31 October 2014, which included the
mainshock (M 5.5 earthquake) (Figure 2). The velocity field used
to process and locate these seismic events, also routinely used at
Moab Khotsong mine, is the P-wave velocity of ~5960 m/s and

the S-wave velocity of ~3610 m/s. The depth of the mainshock
was located at ~ 4.78 km below surface. The delineated aftershock
distribution spanned ~ 8 km in strike length and ~3 km in dip
length. The distribution of these aftershocks revealed that the My
5.5 rupture plane dips near vertical and strike in a northnorthwest-
southsoutheast (NNW-SSE) direction, with strike-slip fault
mechanism (Imanishi et al., 2017; Ogasawara et al., 2018).

» 34 JANUARY 2025 VOLUME 125

Imanishi et al. (2017) reported that the My 5.5 earthquake
triggered seismicity at the mining levels. However, to the authors’
knowledge, no seismic rupture was observed or mapped in the
mining levels. This could mean that the main rupture did not
propagate to the mining levels. Therefore, the geological structure
responsible for My 5.5 earthquake remains elusive and not clearly
understood. In addition, the aftershock plane, when projected to
the mining levels, did not match any known fault or geological
structures that could have hosted the My, 5.5 earthquake (Ogasawara
etal,, 2018).

Legacy reflection seismic data

Coincidentally, the My, 5.5 seismic event occurred in the mining
region that is well covered by the several 3D and 2D seismic
reflection data originally acquired for mineral exploration (Figure
2a and Figure 3). The shot gathers of legacy 2D reflection seismic
profiles were analysed, and only profile AVO01 was selected for
reprocessing and interpretation due to its ideal perpendicular
position to aftershocks (Figure 3). This profile (AVO01) was acquired
by Anglo Gold Ashanti in 1992, using the vibroseis trucks as energy
sources at linear sweep frequency of 10 Hz - 90 Hz with sweep
length of 16 s, sampling rate of 2 ms, and recording length of 6 s.
The source and receiver (10 Hz) intervals were 50 m and 25 m,
respectively. These 2D seismic reflection data were reprocessed
using a post-stack migration standard workflow (Manzi et al.,
2012a), mainly focusing on improving the velocity analysis guided
by the laboratory ultrasonic measurements. Nkosi et al. (2022)
conducted physical property measurements of cylindrical core
specimens that were retrieved from the ICDP-DSeis project (Hole
A, Hole B, and Hole C). The results were compared with downhole
physical property data (e.g., sonic and density). The measured rock
specimens included intrusives, metasediments, and metabasalts.
Subsequently, the data were interpreted to examine and characterise
the geological structure that hosted the Orkney earthquake M 5.5.

Geology of Moab Khotsong mine

Witwatersrand Supergroup

The geology of the Archaean Witwatersrand Basin has been

described in detail by several researchers since the gold rush in 1886
(Robb and Meyer, 1995; McCarthy and Rubidge, 2005; Dankert and
Hein, 2010). The Witwatersrand Supergroup comprises two groups,
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Figure 2—Shows legacy reflection seismic surveys including 1996 3-D survey (blue), 2012 3-D survey (red), and selected 2-D seismic reflection profile (AV01) in
relation to aftershocks (black), structures (black) (Modified from Ogasawara Jr. et al., 2018)
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Figure 3—Several 2D legacy seismic profiles are shown (AV01, AV_12, AV_14 and AV_22). After short gather analysis, only seismic profile AV01 was reprocessed and
reinterpreted. This reflection seismic profile is almost perpendicular to the aftershock plane

namely the West Rand Group and the Central Rand Group (Myers
et al., 1989; Robb and Meyer, 1995; Dankert and Hein, 2010). The
West Rand and Central Rand groups tend to decrease in thickness
towards the south-eastern edges of the basin. The average thickness
of the basin is ~ 4.6 km. The West Rand Group is dominated by
clastic sedimentary rocks, such as quartzites and shales with a

ratio of about 1:1, and conglomerate ‘primarily mined for gold.

The Central Rand Group hosts more than 70% of the gold-bearing
conglomerate horizons and lies on top of the West Rand Group. The
Central Rand Group also consists of quartzite and conglomerate
packages, and minor bands of shale and lavas (SACS, 1990). The
Vaal Reef is the major gold-bearing conglomerate exploited at Moab
Khotsong mine and neighbouring mines, such as Kopanong and
Great Nolingwa.

The Journal of the Southern African Institute of Mining and Metallurgy

Faults, dykes, and sills

The Witwatersrand Basin is structurally complex and has undergone
several episodes of deformations. The basin generally exhibits major
listric normal faults and their related drag folds that are ascribed

to the extensional tectonic regime during the deposition of the
Ventersdorp Supergroup (Vermaakt and Chunnet, 1994; Coward
etal., 1995). Watts (2005) conducted a detailed mapping of faults
with vertical displacements in excess of 10 m at the neighbouring
Kopanong mine. They can be grouped into two main categories

(1) Zuiping-type faults, and (2) Jersey-type faults. Watts (2005)
concluded that most of these faults are Platberg age. The Platberg
volcanism occurred at 2754-2709 Ma (Gumsley et al., 2020).

Our study area is characterised by numerous sills and dykes that
intruded at different geological ages and have been subjected to
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several damaging brittle seismic events (Yabe et al., 2019). The sills
and dykes are of different ages, such as known post-Karoo dykes of
pre-Cretaceous and Cretaceous age (145 - 66 Ma), Karoo dykes
(150 Ma), Pilanesberg (1.30 Ga), Transvaal (2.20 Ga), and
Ventersdorp (2.60 Ga). These intrusive rocks often host large
damaging seismic events (M3.0-3.9) (Van der Heever, 1982) and
therefore, are important to understand for mine design and during
mining operations (Ogasawara et al., 2019; Yabe et al., 2019).

Moab Khotsong mine drilling: Hole A, B, and branch
Hole C

The ICDP-DSeis team drilled three holes, labelled as Hole A, Hole
B and Hole C, into the My 5.5 earthquake rupture delineated by the
aftershocks recorded by the in-mine seismic network (Figure 4a).
The drilling was, in part, conducted to recover fault rocks and gouge
material. Before drilling could take place, the ICDP-DSeis team
excavated the chamber by enlarging a portion of a tunnel located
at a depth of 2.9km. The dimensions of the drilling chamber are
6m x 6m x 6m. The mine safety regulations did not allow for larger
excavation dimensions. The ICDP-DSeis team successfully drilled
and recovered fragile ruptured core and fault gouge material. The
drilling plunged at 35°-45° downward from the excavated drilling
site.

Hole A deflected too much, hence, it could not intersect the
ML 5.5 rupture plane, and it was terminated at 817 m. However,
Hole A provided a stable hole with good core recovery, allowing
the ICDP-DSeis team to measure rock physical properties, conduct
borehole geophysical logging, and measure stress variations
near the aftershock region. Additionally, Onstott and other
geomicrobiologists investigated gas, water, and biomass by installing
the automated system for sampling water and gas. The group
successfully collected saline water by installing a packer (~10 MPa
at the packer) in Hole A at a depth near 420 m, and detected gas

using a 1.5 m ‘“triple tube’ core barrel. Hole C started at 544 m of
Hole B and completed at 640 m. The 1.5 m triple tube core barrel
drilling technique successfully recovered core samples and fragile
fault gouge material.

Hole B and Hole C intersected an altered lamprophyre dyke and
the subsequent core-loss zone (Figure 5). The location of the dyke
and core-loss zone in the drill core corresponds to the location of
the aftershock plane, which was delineated from My, 5.5 earthquake.
This suggests that the dyke might be the geological structure that
hosted the My 5.5 rupture. The drilling programme was immediately
followed by detailed core logging and downhole geophysical
borehole logging of Hole A. The geophysical borehole logging
included density and seismic velocity measurements, which showed
high seismic velocities coinciding with intrusive rocks compared
to other rocks (Figure 6). This suggests that intrusive rocks should
have higher acoustic impendence contrast relative to the country
rocks (Nkosi et al., 2022). For recovered core from Hole A, Yabe et
al. (2019) performed non-destructive stress measurements and an
analysis on the core and revealed that stress concentration coincided
with the intrusive rock at ~440 m from the borehole collar (Figure
6). A different zone of stress concentration was observed at the
depth or location of the upper part of the aftershock plane. The
core was sampled at selected lithological units for X-ray diffraction
(XRD) analysis.

Minerals and friction experiments

The mineral composition of the fragile core material recovered from
Hole B and Hole C was examined. This is because the mineralogy
of the fault material has an impact on the mechanical behaviour,

the frictional strength, and dynamic rupture propagation. An XRD
analysis was conducted on the lamprophyre dykes and fault gouge
material, and the results are presented in the following.

(Ogasawara et al., 2020). XRD analysis
The deflection of Hole A led to the drilling of Hole B with a
modified by 15° angle (Figure 4b) (Ogasawara et al., 2020). Hole Lamprophyre dykes

B intersected the uppermost part of the My, 5.5 rupture zone,
experiencing a 3 m core-loss zone using a ‘double tube’ core

barrel. The drilling was terminated at 700 m from the collar after
intersecting the rupture zone, encountering core-loss and instability.
Because the important part of the core was lost, i.e., fault gouge
material and core samples, the team drilled a branch hole (Hole C)

The dominant minerals found in the intrusive rock (lamprophyre
dykes), which is thought to host the My 5.5 earthquake, are biotite
(25.06-29.62 Wt%), talc (22.60-37.05 wt%), actinolite (16.79
23.11wt%), diopside (4.04-14.43 wt%), chlorite (5.00-7.46 wt%),
kaolinite (3.40-4.77 wt%), calcite (1.02-4.30 wt%), and quartz
(0.37-0.83 wt%).
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Figure 4—(a) Location of aftershocks generated by My 5.5 earthquake delineating the rupture plane. (b) Location of Hole A, Hole B and Hole C, where Hole B and
Hole C intersected the rupture and intrusive rock potentially responsible for the My, 5.5 event (Ogasawara et al., 2019)
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Figure 6—The lithological units described from core logging and geophysical
borehole logging (Rickenbacher, 2018). Yabe et al. (2019) used diametrical
core deformation analysis (DCDA) to measure insitu rock differential stress.
The description of the lithology is provided in Figure 5 (Ishida et al., 2018)

Fault gouge

The gouge material was sampled at 63 m (branch Hole C), i.e,,
equivalent to 608 m distance from the borehole collar of Hole B (see
Figure 5), around the core loss zone. Approximately, 3 - 4 g of the

by Rickenbacher (2018). In this study we largely focused on the branch Hole C (not

gouge material was sampled for XRD analysis. The XRD results of
the gouge material are shown in Table 1.

Friction experiments

In earthquake physics, friction is crucial because it affects the
propagation of ruptures and the weakening of faults. Frictional
resistance weakens exponentially with increasing slip displacement
during rupture propagation, namely slip weakening behaviour. The
slip weakening behaviour is described by the exponential decay
equation (Mizoguchi et al., 2007):

ln(o.os)*d)
dc

T T 1]
where, | is the frictional coefficient, ; is the peak friction coefficient
(frictional resistance), i, is the steady-state friction coefficient,
and d is displacement. The exponential decay equation decreases
friction to a constant value, as displacement approaches infinity,
thus, one defines d. as a displacement, where (-{1;) decreases to
~5% of (pi-{r), and lets d. represent D.. This means d. represents a
critical slip displacement (D.), which is defined as the weakening of
the frictional resistance over slip weakening displacement during
rupture propagation (Mizoguchi et al., 2007).

The fault gouge material was collected from the My 5.5 rupture
at Moab Khotsong mine and used to perform high slip velocity
(100 mm/s) friction experiments. The fault gouge material was
sheared at an applied normal stress of ~2 MPa. The fault gouge

Table 1
XRD analysis of recovered Moab fault gouge from the Orkney M5.5 event (Hole C at depth of ~608 m)
Sample no. Calcite (Wt%) | Quartz (wt%) Biotite (wt%) | Actinolite (wt%) | Chlorite (wt%) | Talc (wt%) | Sepiolite (wt%) | Total (wt%)
Moab fault (1) 13.31 1.76 20.06 33.97 9.77 20.86 0.27 100
Moab fault (2) 11.98 1.56 20.09 32.57 11.33 22.03 0.44 100
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Figure 7—(a) A graphic illustration of the sample assembly for high-velocity friction experiments conducted with an intervening gouge material recovered from
the My 5.5 earthquake (modified from Mngadi et al., 2021). (b) The friction weakening behaviour of the Moab Khotsong mine strike slip fault gouge (grey), in
comparison with the fault gouge samples recovered from the normal faults (M1-4) occurring ahead of the stope at Cooke 4 mine

Table 2

The peak () and steady (y) state friction coefficient of the Orkney M5.5 earthquake compared to Ortlepp shear fractures at 100 mm/s
slip velocities (Veq) and 2 MPa normal stress over defined slip weakening distance D,

Veq (mm/s) Normal stress (MPa) Wy Ys D, (m)
Moab Gouge 100 2 1.0 0.66 9.15
Shear fracture S(3) 100 2 0.92 0.71 6.1
Shear fracture S(4) 100 2 0.98 0.67 12.8
Artificial Gouge 100 2 0.97 0.69 9.6

sample (weight of ~1 g, equivalent to ~1 mm gouge thickness) was
used as an intervening layer between two sliding rock surfaces
(Figure 7a). The sliding rock quartzite cylinders and a Teflon

sleeve were used to prevent the fault gouge from leaking during
shearing. The friction experiments were conducted under room-dry
conditions. The fault gouge reached a peak friction coefficient of
~1.0 that decreased to steady-state friction of ~0.66 at ~ 100 mm/s
slip velocities. This weakening occurred over a slip weakening
distance of ~9.1 m.

Furthermore, Mngadi et al. (2021) used gouge material (S(3)
and S(4)) recovered from Cooke 4 mine brittle shear fractures (also
known as Ortlepp shear) occurring at the mining levels (M1-4)
to make a comparison between these results and similar work on
friction experiments in South African deep mines. These shear
fractures have normal faults mechanism. The experiments were
conducted under similar conditions at slip velocity of 100 mm/s and
normal stress of 2 MPa, but different gouge material thicknesses
of ~0.5 mm. Sample S(3) revealed peak friction of ~0.98, which
weakened to steady-state friction of ~0.67 over a slip weakening
displacement of ~12.8 m (Mngadi et al., 2021). Sample S(4) revealed
peak friction of 0.92, which weakened to steady-state friction of
0.71, over a slip weakening displacement of ~6.1 m (Mngadi et al,,
2021) (Figure 6b) (Table 2).

Integration of reflection seismic data and seismicity

A carefully selected 2D seismic reflection profile (AVO01) was
reprocessed and reinterpreted (Figure 8). The reason behind the
selection of this 2D seismic profile, in particular, is that it crosscuts
the aftershock plane in a perpendicular direction, which delineates
the My, 5.5 rupture plane. Here, the 2D seismic data was interpreted
with the main focus on regional structural geology and the structure
» 38
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that hosts the My, 5.5 earthquake. In addition, we used the geological
core logging and geophysical borehole logging data from the Moab
Khotsong mine drilled by the ICDP-DSeis team (specifically drilled
to intersect the My 5.5 rupture). These data were integrated and
used to constrain the reflection seismic data interpretation.

Imperative to the study, critical stratigraphic markers, such as
the base of the Transvaal Supergroup (2.6 Ga) were identified. This
boundary was previously resolved through borehole observations
and 3D reflection seismic data interpretation by Watts (2005).

We could also detect the Ventersdorp Supergroup-Witwatersrand
Supergroup boundary due to the acoustic impendence contrast
between the overlying basalts and underlying quartzites of the upper
Witwatersrand Supergroup Figure 8).

Structurally, the area is disturbed with multiple sub-vertical
faults that tend to branch (Figure 8). Most importantly, the seismic
section shows the delineation of the fault (yellow arrows in Figure
9) that correlates well with the seismogenic zone as defined by
the aftershocks. The seismic section also exhibits strong and
laterally continuous seismic reflections across the fold of seismic
data, especially above the seismogenic zone at the cut-off of the
aftershock plane (Figure 8 and Figure 9). These may be attributed to
the presence of sills as described by Nkosi et al. (2022). These sills
may be responsible for the sharp termination of the aftershocks.
Furthermore, the section is characterised by low amplitude
attenuated near-vertical structures, which may be interpreted as
dykes (Figure 8 and Figure 9). The faulting (yellow arrows in Figure
9) shows vertical displacement - predominately reverse faulting
(thrusting), which is also widely reported in the Witwatersrand
Basin literature (Manzi et al., 2012a) (Figure 9).

Analysis and discussion
Dykes often intrude fault planes over lengths of up to several

The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 8—(a) The reprocessed legacy 2-D reflection seismic data (AV01) showing stratigraphic markers such as the Transvaal Supergroup and Ventersdorp
Supergroup, e.g., red arrows show the stratigraphic marker; and Ventersdorp Supergroup and Witwatersrand Supergroup, e.g., blue arrows show the stratigraphic
marker. The structures are marked clearly, and faults are shown in black, e.g., yellow arrows, while dykes are shown in green. The fault hosting the My 5.5 earthquake
is indicated by F1. (b) The power spectrum of the processed seismic data (left) showing the dominant frequency of the data and the seismic fold of coverage (right)

Figure 9—The seismic section extracted from the legacy 3-D reflection seismic data shows the mining stopes (green), fault structure (namely F1) that hosted the

M; 5.5 earthquake and seismicity data (red) (aftershocks)

kilometres, e.g., 15-16 km (Van der Heever, 1982). Watts (2005)
and Van der Heever (1982) observed that the lamprophyre dykes
are the youngest generation of igneous intrusive rocks in the
Klerksdorp goldfields (Watts, 2005; Van der Heever, 1982). These
dykes are often water- and methane-bearing and are associated
with seismicity, which poses a risk to workers, mining operation,
and infrastructure (Van der Heever, 1982). Van der Heever (1982)
further observed that these dykes are soft, incoherent, and do not
form strong, rigid transgressive bodies (Van der Heever, 1982).

In general, the conditions in the research area are analogous to
those reported by Van der Heever (1982). The ICDP-DSeis team
drilled three holes (Holes A, B, and C) into the My 5.5 earthquake
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rupture delineated by the in-mine seismic network. Hole B and
Hole C intersected dolerite sills and altered lamprophyre dykes
(Rickenbacher, 2018), whereas Hole A intersected saline water
(~10 MPa at the packer) that Onstott and the geomicrobiologist
team were able to collect (Ogasawara et al., 2020).

As reported by Van der Heever (1982), Hole B demonstrates
that the dyke is associated with the fault rupture zone and may be
the source of weakness because it intersected the uppermost portion
of the My 5.5 rupture zone, lamprophyre dyke, and experienced a
3 m core-loss zone. These events also coincided with the location
of the aftershock for the My 5.5 rupture plane. These dykes are
described by Van der Heever (1982) as having varying thicknesses
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ranging from around 1 m to over 3 m, striking northerly, and
dipping almost vertically. Importantly, these geometric features
match those seen in the reprocessed 2D reflection seismic section
data as well as aftershock data. The My 5.5 earthquake fault
mechanism is strike-slip and strikes in a NNW-SSE direction, as
shown by Imanishi et al. (2017), who were able to observe the sharp
termination of aftershocks right below the mining levels.

The Dseis core that was retrieved from drill holes contained
dolerite sills and lamprophyre dykes. Near-vertical low amplitude
structures and high amplitude horizontal reflectors were visible in
the 2D reflection seismic section. Following an in-depth analysis
of the drill core and 2D seismic section, it was determined that the
horizontal high amplitude reflectors were dolerite sills intersecting
the near vertical structure, and the near-vertical low amplitude
structures were lamprophyre dykes associated with the fault
hosting My, 5.5. These structural elements may be responsible for
the termination of the aftershocks below mining levels associated
with the My, 5.5 rupture. Yabe et al. (2019) measured the stress
variations in the drill core successfully using the diametrical core
deformation analysis (DCDA) stress-measurement method (Funato
and Ito, 2017). The measurements revealed the localisation of stress
in specific locations adjacent to: (1) the My, 5.5 rupture in Hole B
(intrusive rocks); (2) the upper edge of the aftershock region; and
(3) the hypersaline brine fissure in Hole A (Yabe et al., 2019). It has
been reported in the Bushveld Complex that these lamprophyre
dykes are associated with rock failure through decomposing and
gas outbursts (Daya, 2019). Large damaging seismic events tend to
occur where sills and dykes intersect (Van der Heerver, 1982). Since
dykes naturally intrude on mechanically weak areas, like faults, they
are frequently linked to stress concentration over time that exceeds
fault strength and trigger fault reactivation. This may describe the
M 5.5 earthquake.

Fault gouges, their mineralogy, and the generation of wear
material between two sliding rock surfaces have a major impact on
slip weakening and rupture propagation (Zoback et al., 2011). Using
gouge material collected from the My 5.5 rupture, we conducted
friction experiments at slip velocity of 100 mm/s and a normal
stress of 2 MPa. The Moab Khotsong gouge sample showed the peak
friction coefficient of ~1.0, which decreased to steady-state friction
of ~0.66 over a slip weakening distance of ~9.1 m. These friction
coeficient values and weakening behaviour are similar to those
found in Ortlepp shear fractures (Cooke 4 mine) at sub-seismic slip
velocities (~100 mm/s) (Mngadi et al, 2021; Miyamoto et al., 2022).

The seismogenic zone at Cooke 4 mine is largely controlled by
mechanical damage induced by mining-related stresses, while at
Moab Khotsong mine, the study revealed that there may be three
factors controlling the My, 5.5 earthquake seismogenic zone: (a)
intersection between lamprophyre dyke and dolerite sills, which
creates a mechanical zone of weakness; (b) tectonic and/or mining-
related stresses; and (c) chemical processes resulting from water and
rock interaction.

Conclusion

Three holes, Hole A, Hole B, and Hole C (Figure 4), were drilled

by the ICDP-DSeis team into the upper boundaries of the My 5.5
earthquake rupture. The team was able to develop the drilling
chamber by excavating a section of a tunnel that was 2.9 km deep.
Hole B intersected an altered lamprophyre dyke and encountered

a core-loss zone using "double tube" core barrel. Due to the loss

of the crucial core and fault gouge material, the team used a

1.5 m improved "triple tube" core barrel to drill a branch hole ( Hole
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C). Fragile fault gouge material and core samples were successfully
recovered. The aftershocks recorded by the in-mine seismic network
delineated the My, 5.5 rupture plane, and that corresponded with
the location as the lamprophyre dyke and core-loss zone in the drill
core. This means the altered lamprophyre dyke is the geological
structure that hosted the My, 5.5 rupture. Immediately after the
drilling of Hole A, thorough core logging, downhole geophysics,
physical property measurements, and non-destructive stress
measurements were carried out. Furthermore, Onstott and the team
of geomicrobiologists examined biomass, water, and gas, Nisson et
al. (2023). The team detected and collected saline water successfully.
Yabe et al. (2019) conducted non-destructive stress measurements
and analysis on the recovered core from Hole A and found that

the intrusive rocks, the top portion of the aftershock plane, and
saline water were all associated with high stress concentration.
Seismic velocity and density measurements, as well as geophysical
borehole logging, revealed that intrusive rocks have high seismic
velocities and density. Accordingly, intrusive rocks are expected to
have a higher acoustic impendence contrast to country rocks. This
is specific to dolerite sills, not highly altered lamprophyre dykes.
The 2D legacy seismic data acquired in 1992 for gold exploration
was reprocessed and reinterpreted. The reprocessing mapped high
amplitude horizontal reflectors and a low amplitude near-vertical
structure. The horizontal high amplitude reflectors were interpreted
as dolerite sills that intersected the near vertical structure. When
integrating the aftershock data from the in-mine seismic network,
it was evident that the My, 5.5 rupture plane was delineated by these
aftershocks. This agreed with the near-vertical fault imaged by the
2D seismic reflection data, which showed a low-amplitude near-
vertical structure. This was interpreted to be an altered lamprophyre
dyke hosting the My 5.5 rupture. Furthermore, a strike-slip faulting
mechanism that strikes NNW-SSE was revealed by the aftershock
data.

Slip weakening and rupture propagation are significantly
impacted by fault gouges, their mineralogy, and the production of
wear material between two sliding rock surfaces. We performed
friction experiments using gouge material extracted from the My, 5.5
rupture at a normal stress of 2 MPa and a sub-seismic slip velocity
of 100 mm/s. Over a slip weakening distance of approximately 9.1
meters, the Moab Khotsong gouge sample's peak friction coefficient
of ~1.0 decreased to a steady-state friction of approximately 0.66.
According to Mngadi et al. (2021), these friction coefficient values
and weakening behaviour are comparable to those observed in
Ortlepp shear fractures at sub-seismic slip velocities. This research
study concludes that the My 5.5 earthquake rupture is complex,
and that three or more factors control the seismogenic zone: (1) the
intersection of dolerite sills and a lamprophyre dyke; (2) stresses
related to tectonics and/or mining; and (3) chemical processes
triggered by the interaction of water and rock formations.
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