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Abstract

Mining-induced earthquakes pose a risk to workers in deep mines, while natural
earthquakes pose a risk to people living close to plate boundaries and even in stable
continental regions. A five-year ca. US$3 million Japan-SA collaborative project
"Observational studies to mitigate seismic risks in mines" was launched in August 2010.
The project has three main aims: (1) to learn more about earthquake preparation and
triggering mechanisms by deploying arrays of sensitive instruments in mines where
mining-related stresses are likely to induce significant seismic activity; (2) to learn more
about earthquake rupture and damage phenomena by deploying strong ground motion
sensors close to potential rupture zones and on the walls of stopes; and (3) to upgrade
the South African national surface seismic network in the mining districts. Acoustic
emission sensors, accelerometers, strainmeters, and controlled seismic sources are being
installed at sites in Ezulwini, Moab-Khotsong and Driefontein gold mines to monitor
the deformation of the rock mass, the accumulation of damage during the earthquake
preparation phase, and dynamic stress as the rupture front propagates. These data will
be integrated with measurements of stress, stope closure, stope strong motion, and
seismic data recorded by the mine-wide network. Here we describe the design of
experiments that seek to identify reliable precursors of damaging seismic events.

1. Introduction

Earthquakes, and the tsunamis and landslides they trigger, pose a serious risk to people
living close to plate boundaries, and a lesser but still significant risk to inhabitants of
stable continental regions where destructive earthquakes are rare and preparedness is
often low. Recent earthquakes that have caused enormous human and economic losses
include the M7.0 Haiti earthquake of 12 January 2010 and the M9.0 Great East Japan
earthquake and tsunami of 11 March 2011. The scientific study of earthquake source
mechanisms commenced about a century ago, stimulated by the development of
seismographs and the occurrence of devastating earthquakes such as the 1891 MS8.0
great earthquake in central Japan and the 1906 M7.7 San Francisco earthquake in the
USA (Koto, 1893; Agnew, 2002). Since then, many efforts have been made to predict
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the time and place of earthquakes with sufficient accuracy and reliability to make it
feasible to evacuate vulnerable structures and sites (e.g. Simpson and Richards, 1981;
Mogi, 1985; Wyss, 1991; National Academy of Science, 1996). However, reliable
prediction has not been accomplished. Consequently, efforts to mitigate earthquake risk
have focused on probabilistic seismic hazard assessments and zoning, the formulation
and enforcement of codes governing the construction and retrofitting of buildings, and
the development of monitoring networks to provide Earthquake Early Warning (Japan)
and Tsunami Warning following potentially dangerous events.

The Committee on the Science of Earthquakes (National Academy of Science, 2003)
concluded “the science of earthquakes, like the science of many other complex natural
systems, is still in its juvenile stages of exploration and discovery. No available theory
adequately describes the dynamical interactions among faults or the basic features of
rupture nucleation, propagation, and arrest. On short time scales (hours to days), no
method for event-specific earthquake prediction has yet demonstrated skill at a
statistically reliable level; indeed the chaotic nature of brittle deformation may imply
that useful short-term prediction cannot be achieved, even with substantial
improvements in the ability to predict precursory signals”. However, the Committee
went on to say “Near-field observations before and during large earthquakes are too
few and too limited, however, to rule out categorically the feasibility of short-term
earthquake prediction”. Efforts to gain knowledge and develop technologies to predict
earthquakes have continued. A notable current initiative is the Collaboratory for the
Study of Earthquake Predictability (CSEP), led by the Southern California Earthquake
Centre. CSEP has established testing methodologies and testing centres in Japan, New
Zealand, Switzerland and the USA (CSEP, 2012). The project we report on here is
another example of an effort to make near-field observations to investigate the
feasibility of earthquake prediction.

Seismicity poses a serious risk to workers in deep and overstressed mines, such as the
deep gold mines in the Witwatersrand basin of South Africa. A 5-year Japan—South
Africa collaborative project (~US$3 million) entitled "Observational studies to mitigate
seismic risks in mines" was launched in August 2010 to address these risks (Ogasawara
et al., 2009a; Durrheim et al., 2010). The project has three main aims (Figure 1):
= To learn more about earthquake preparation and triggering mechanisms by
deploying arrays of sensitive sensors within rock volumes where mining is likely
to induce seismic activity.
= To learn more about earthquake rupture and rockburst damage phenomena by
deploying robust strong ground motion sensors close to potential fault zones and
on stope hangingwalls.
» To upgrade the surface national seismic network in the mining districts.
The project draws on over a century of South African and Japanese research experience
with respect to mining-related and tectonic earthquakes, respectively (e.g. Utsu, 2003;
Durrheim, 2010; Durrheim et al., 2010). Japanese experience and technology was
adapted and applied to the mining environment, notably:
= Laboratory techniques to detect rock fracturing at the onset of rock mass
instability; and
= Exceptionally sensitive sensors, which were originally developed to monitor
crustal deformation and natural earthquakes.
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The knowledge gained during the course of the project and the new infrastructure
installed will improve seismic hazard assessment methods in mines and mitigate the risk
of rockbursts. It is also anticipated that new knowledge of earthquake physics will
mitigate the risks posed by tectonic earthquakes. In this paper we focus on the design of
experiments that seek to identify reliable precursors of damaging seismic events.

Multi-disciplinary proximate sensitive sensor array + assessment
= better understanding of earthquake preparation and generation
+ improves the accuracy of strong motion prediction

|Surface strong motion network (CGS)

Sensitive AE monitoring (Jpn)
identifying potential sources

Stope (1 m high)

Strong motion and stope
lclosure monitoring (CSIR)

Borehole radar (CSIR)
Fault transmitted wave (Jpn),

Sensitive strain & tilt
monitoring (Jpn/CSIR)
compared with stress
modeling

Access tunne
Fault

[Dynamic stress changes
at rupture front.

Figure 1. Schematic illustration of the research design. Jpn: Japanese researchers,
CSIR: Council for Scientific and Industrial Research, CGS: Council for
GeoScience

2. Precursors of seismic events

The scientific method is a systematic approach to solving problems and gaining
knowledge. It is not the only approach to solving problems, or always the fastest, but it
is the surest (Scholes, 2003). The first step in the research process is the formulation of
key questions that help to probe the essence of the problem. Key questions may be
expressed as hypotheses that lead to testable predictions. Our key questions are:

1. Are there phenomena that can be used to provide a warning that a seismic
event is imminent?
2. What ground motion does a seismic event cause, both in the solid rock and

on walls of an excavation?
It is standard practice to investigate the mechanical properties of rocks by loading a
specimen in a testing machine until it fails. Deformation and damage processes are
monitored by strain gauges and acoustic emission sensors. While the rock mass in a
mine or plate boundary is undoubtedly far more heterogeneous than a small specimen of
intact rock, laboratory tests are believed to provide insights into the phenomena that
precede mine tremors and earthquakes (e.g. Jaeger and Cook, 1979; Durrheim and
Labrie, 2007a and 2007b). Prior to failure, the density of microcracks increases in the
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incipient rupture zone and the mode of deformation changes from linear elastic to non-
linear inelastic. It has been postulated that similar phenomena occur in large volumes of
rock prior to mine tremors, and analogous behaviour has indeed been observed, e.g.
seismicity associated with large seismic events in the Western Holdings No. 6 shaft
pillar (Mendecki, 1997). Laboratory, mine and crustal studies have shown that
seismological phenomena scale over many orders of magnitude (e.g. Aki, 1967,
Gibowicz and Kijko, 1994; Sellers et al., 2003). Boettcher and McGarr (2009) report the
seismicity recorded by dense sensor array deployed in TauTona mine show no
breakdown in Gutenberg-Richter scaling to My -3.7. Kwiatek et al. (2010) extended the
observations down to My -4.4 in Mponeng mine. These observations provide evidence
of small nucleation zones and imply that earthquake processes in a mine can readily be
scaled both to laboratory experiments and to natural faults.

We hypothesize that there are measurable changes in some or all of the following
physical parameters that can be used to predict the time and location of mining-induced
ruptures: stress, strain rate, tilt rate, acoustic emission rate, seismic source parameters,
electromagnetic emission rate, and microcrack density. Sensor networks are being
established as shown in Table 1 (Durrheim et al., 2012). These hypotheses are not
novel. For example, Weiss (1938) proposed eight premonitory phenomena that could be
monitored in Witwatersrand mines, including changes in the velocity of “artificial”
seismic waves, changes in the natural frequency of pillars, and disturbances of the
electrical field. Here we review past attempts to observe precursory phenomena in
South African mines, as these studies provide the baseline for our present experiment.
We hope that the new arrays of state-of-the-art instruments will reveal precursory
phenomena that have hitherto been obscured by noise, as well as co-seismic rupture
phenomena that have never before been observed in the near-field.

2.1.  Stress-induced seismic velocity changes

Laboratory tests have established that seismic velocities in rock change with stress (e.g.
Christensen and Stanley, 2003). However, it has proven difficult to measure this
phenomenon in mines. Following the occurrence of an M 3% mine tremor, McGarr
(1974) analysed the travel times of body waves traversing the source region produced
by other favourably-located tremors. No changes exceeding the sensitivity threshold of
2 per cent were detected. Maxwell and Young (1996) used seismic tomography to
delineate a region of increased velocity (1-2 per cent) associated with mining-induced
stresses in a stabilizing pillar. Lynch (2010) attempted to replicate in mines the
extremely precise measurements of wave velocity that were made at the San Andreas
Fault Observatory at Depth using a repeatable source (Niu et al., 2008), and reported
that velocity changes of up to 0.04 per cent were detected over a path of 137 m, which
were interpreted to arise from stress changes associated with undercut blasting.

An array has been deployed at the Ezulwini site in order to monitor any changes in
seismic transmission properties near the target fault e.g. seismic velocity, Q
(Kawakata et al., 2011). A piezoelectric transmitter was installed about 20 m from
the fault, and 3-component accelerometers were installed in a line straddling the
fault at distances of 7m, 27m and 30 m from the transmitter. Signals are
transmitted every 0.05 s for 10 minutes each day, and recorded at 400 kHz.
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Table 1. Summary of the SATREPS experimental sites as at 31 January 2012
* installation not yet completed, # not yet procured

Gold Mine Name  Ezulwini Moab Khotsong Driefontein
Owner First Uranium Anglogold Ashanti  Gold Fields
Ore body at Several reef Single thin tabular  Single thin tabular

experimental site

Mining scenario

Depth

Concern

Fault
characteristics

Applicability of
research to mining

packages 10s of
metres thick

Extraction of shaft
pillar, 400 m dia.

About 1 km

Instability of faults
in the shaft pillar

Fault gouge a few
10s of cm thick

Final stage mining
e.g. shaft pillars

reef (<2 m), many
faults

Extensive scattered
mining
About 3 km

Instability of large
faults

Fault zone a few
10s of m thick
Mining in highly
faulted districts

reef (<2 m), few
faults

Sequential grid
mining
About 3 km

Instability of dip
pillar

Fault gouge a few
cm thick
Sequential grid
mining at depth

Japanese Contributions

Acoustic emission

Strain

Velocity &
attenuation

Rupture dynamic
stress

Slow fault slip

Stress

A few tens of
sensors

2 strainmeters

1 Tx, 3 Rx

3 instruments near
fault

1 sensor

Planned

A few tens of
*
sensors

. *
3 strainmeters

2 Tx, 3 Rx’

*
2 sensors

Completed

3 strainmeters

4 instruments near
fault

Planned

South African Contributions

Borehole radar
Tilt

Survey completed

2 tilt meters”

2 tilt meters”

Stope closure - 1 set” 1 set”

Stope ground - 1 set 1 set

motion accelerometers” accelerometers”

Surface ground JICA network” New network ™ JICA network”

motion

Status on Underground 80% drilling and Japanese

31 January 2012 installation almost  20% installation installation
completed completed completed
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2.2. Strain

Sacks-Evertson dilatometers were deployed in a deep mine by McGarr et al. (1982). Co-
seismic strain steps were recorded and well accounted for by dislocation theory, but no
precursory strain exceeding 10 was detected in the 10 s preceding the seismic events.
Very sensitive borehole strainmeters (Ishii et al., 1997) have been installed by SeeSA
(Ogasawara et al. 2009b). Continuous 25-40 Hz monitoring allowed us to clearly see
the details of the accumulation of mining-associated strain, followed by earthquake-
associated strain release and relaxation corresponding to ~10 MPa stress change
(Ogasawara et al., 2005). The largest event occurring close to the strainmeter was an
My2.9 event in February 2003. Frequent non-seismic slow strain changes were noted,
some being accompanied by clear forerunners (Naoi et al., 2006). Much clearer
forerunners were seen in the Pretorius fault zone at Mponeng mine. Two strainmeters
near to the slow events showed that they were caused by slip in the fault zones
(Yasutake et al., 2008). In the SATREPS project, we will compare strain data with tilt,
AE and stress modelling.

23. Tilt

Measurements of tilt made at a depth of 3.2 km near an advancing face in East Rand
Proprietary Mine showed continuous changes in tilt related to the enlargement of the
excavation, step changes in tilt caused by mine tremors, and unexplained episodes of
anomalous tilts (McGarr and Green, 1975). More recently, tiltmeters integrated with
seismic sensors were installed at two sites in Mponeng gold mine (Spottiswoode and
Milev, 2006; Milev and Spottiswoode, 2005, 2008a, 2008b). It was found that the rates
of coseismic tilt and aseismic tilt, as well as seismicity recorded by the mine seismic
network, are approximately constant until blasting time. The rates of coseismic and
aseismic tilt increased rapidly during blasting time (19h30 to 21h00). The tilt changes
associated with the My 1.9 seismic event at Mponeng on 27 December 2010 are shown
in Figure 2. The event produced pronounced after-tilt, which is most probably the result
of deformation associated with the aftershock sequence, but could also be the result of
aseismic expansion of the area of aftershock activity.
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Figure 2. Tilt associated with the M 1.9 (M2.1) event on 27 December 2007 at
Mponeng mine
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2.3.1. Acoustic emissions

The Rockburst Research Project, jointly sponsored by the Chamber of Mines and Anglo
American Corporation, was initiated in 1977 at Western Deep Levels mine (Brink,
1980; Brink and O’Connor, 1984). This system utilized four tri-axial accelerometers to
monitor micro-seismic events. The inter-station spacing was 100-200 m, the response
limit of the accelerometers was 10 kHz, and the sampling frequency 5 kHz. Brink and
Mountfort (1984) reported that four events (M =0.3, 0.4, 1.5 and 2.5) were predictable
in hindsight, and expressed the opinion that men could have been withdrawn prior to the
events without losing more than one shift, concluding that it was possible to “predict
rock bursts with confidence”. This prompted a major expansion of the project, with the
objective of developing a “real time monitoring system” capable of timely predictions.
A pilot project was initiated in 1980. A micro-seismic network consisting of five tri-
axial accelerometers was installed to monitor events in the magnitude range -4<Mp<0 in
a 1 km longwall and a mine-wide 24 tri-axial geophone network was installed to
monitor all events with My, >0, but reliable prediction remained elusive.

The JAGUARS team (JApanese-German Underground Acoustic emission Research in
South africa) deployed a network of eight acoustic emission (AE) sensors 3300 m below
surface in the Mponeng gold mine (Nakatani et al., 2008). The AE sensors had a
response limit of 250 kHz and recorded at sampling frequency of 500 kHz. AE activity
in a major gabbroic dyke within the quartzite host rock was monitored. The network
recorded an My, 1.9 event on 27 December 2007 and some 21,000 aftershocks (Figure 3).
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Figure 3. Hypocenters of 21,000 well-located AE events (small dots) in the first
150 h after the M, 1.9 earthquake on 27 December 2007 (Yabe et al., 2009)
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In the same period the mine-wide geophone network, with a magnitude detection
threshold of approximately M-0.5, detected only 9 events in the same area. Naoi et al.
(2011) delineated much finer details. The accurately located fault plane allowed us to
evaluate stress and strength (Hofmann et al. 2012). More sensitive and accurate
monitoring may allow us to investigate seismic parameter changes in greater detail. The
JAGUARS array consisted of only eight AE sensors, whereas the SATREPS arrays
consist of a few tens of AE sensors at two mines. We expect to obtain far more detailed
descriptions in time and space of the pre-, co- and post-seismic fracture processes.

2.3.2. Seismic source parameters

A survey of seismic hazard assessment (SHA) and rockburst risk management practice
in South African mines was conducted by Durrheim et al. (2007). It was found that the
location of potentially damaging events was available within minutes of their
occurrence and used to direct the mine’s response, e.g. launching of rescue operations.
Many schemes had been devised to identify periods of increased risk. The detection of
anomalous short-term seismicity patterns prior to some large seismic events, such as an
M4 event that occurred on the Trough structure at Mponeng Mine near Carletonville in
1994 (Mendecki, 1997), had raised hope that the success rate of short-term SHA could
be improved. However, it was found that reliable and accurate rockburst prediction
remained an elusive goal. Nevertheless, SHA was routinely done on the spatial scale of
a stope and on the time scale of a day. It was standard practice on mines serviced by
ISSI to track cumulative apparent volume, seismic Schmidt number, energy index and
activity rate (Van Aswegen, 2005). While it was generally agreed by the research team
that reliable rockburst prediction was a difficult and distant goal, the team was of the
opinion that effective short-term hazard assessment was achievable.

Spottiswoode (2010) analysed seismic data from five mines (four gold, one platinum)
representing a range of deep mining methods, and investigated whether there was any
change in the event rate or character prior to large events. The seismic events in this
study were recorded on mine-wide networks, and thus the number of foreshocks
associated with any one event was relatively small. This difficulty was overcome by
stacking events, a technique that has worked well in analysing aftershock statistics
(Kgarume et al., 2009, 2010). However, Spottiswoode (2010) did not find a statistically
significant difference in foreshock statistics, concluding that short-term prediction on
was not feasible on the basis of seismicity rate alone.

2.3.3. Electromagnetic emissions

Nesbitt (1994) investigated the emission and propagation of electromagnetic energy
from stressed quartzite rock in a deep mine. While EM emissions are reliably observed
in a laboratory setting, significant difficulties were encountered in the real-life noisy
situation. Nevertheless Nesbitt (1994) was able to show that EM radiation accompanied
blasting activity and one mine tremor, but was unable to demonstrate that EM radiation
accompanied other mine tremors, although it is possible that the emitted signals were
obscured by noise.
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2.3.4. Microcrack density

During the 1980s, researchers at the University of the Witswatersrand investigated
phenomena such as the polarization and attenuation of seismic waves in the vicinity of
the stope (Cichowicz and Green 1989, Cichowicz et al. 1988, 1990). The early part of
the coda P wave was found to be associated with scattering close to the source, raising
the hope that this feature could be used to predict rockbursts.

3. Key engineering questions

Engineering is often defined as the practical application of science. The key engineering
questions we seek to answer are:

1. Are current in-stope support elements and systems optimally designed to
withstand seismic shaking?
2. Are there lessons to be learned from earthquake engineering technologies?

Over the last two decades several new support technologies have been introduced in
South African mines, such as prestressed elongates, roofbolts and nets. Durrheim (2012)
identifies several characteristics of seismically-induced ground motion that are not taken
explicitly into account in the functional specifications for support design (multi-cyclic
shaking, shear motion between the hanging- and footwall, transient tensile forces, and
structural resonances), reviews investigations of rockburst damage to evaluate the
significance of these phenomena, and proposes functional specifications for rockburst
resistant in-stope support. In this study we aim to make new in-stope observations to
validate or extend past observations. We will also attempt to measure dynamic stresses
within metres of the rupture plane. Similar phenomena affect surface structures exposed
to earthquake-induced shaking, and earthquake engineers have developed a range of
solutions to mitigate damage. We will investigate whether these solutions can be
adapted to underground support systems.

4. Implications for the mitigation of seismic risk in Japan

The Japan Headquarters for Earthquake Research Promotion (JHERP) is a special
governmental organization established by law after the 1995 Kobe earthquake. It was
originally attached to the Prime Minister’s office, but is now part of the Ministry of
Education, Culture, Sports, Science and Technology. JHERP (2011) published an
assessment of earthquake hazard on 11 January 2011, exactly two months before the M9
Great East Japan earthquake (Figure 4). A crucial part of the assessment procedure is
the definition of fault segments along the plate boundary. The hypocentre of the M9
earthquake was in the Miyagi-ken-Oki segment (smaller black star), where the
probability of occurrence of an M7.5 earthquake within 30 years had been assessed as
99 per cent, which was the highest of any segment. Thus the forecast would have been a
complete success had the rupture stopped after several tens of seconds. However, the
rupture extended into adjacent segments, two to the south and one to the north (smaller
open stars). The largest fault slip was ~50m over a strike length of ~100 km, indicated
by the location of bigger black star in the segment Sanriku-oki to Boso-oki. The process
lasted for several minutes, and produced a far larger earthquake than was anticipated.
The forecasted probability was based on the historical records. For example, in the
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section of Miyagi-ken-Oki (a smaller black star), the probability calculation was based
upon six M7 earthquakes that occurred over several centuries with an average
recurrence period of 37.1 year. Nobody anticipated a M9.0 earthquake.

As of January 11, 2011

Legend: | Northern Sanriku-Okis——region name Northwestemn Hokkaido-Oki :t;r;"lurz;lill-g%
MBO 0.5-10% | Earthquake occumence M7.8 0.006-0.1% e -
L) bability within 30 years L simultaneous occurrence

e with Tokachi-oki
M8.2

I—M.:gnimde

Earthquake occumence probability is based on January 1, 2011
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Figure 4. Thirty-year earthquake occurrence probability for Japan (JHERP, 2011)

ORPPC (2011) summarized the reasoning behind the hazard assessment as follows:

e No M>9 earthquake has occurred at a plate boundary with ~100-million-year old
or older oceanic plate anywhere on Earth since instrumental monitoring of
seismicity commenced about a century ago. The Pacific plate near the Japan
Trench is the oldest oceanic plate in the world. It was concluded the plate
coupling in the Japan Trench was likely to be weak and that the segment lacked
the potential to host an M>8 earthquake.
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e Dense seismic and geodetic networks were deployed on Japanese islands in the
1990s, and since then have yielded evidence of significant aseismic slips. It was
concluded that the aseismic slip could have relieved the stress significantly;
reducing the maximum credible size of earthquakes in eastern Japan. Strong
coupling was likely to be confined to the limited number of segments that have
hosted M~8 earthquakes in the last century.

e The segment marked by a bigger black star (Sanriku-Oki to Boso-Oki) has
exhibited relatively low levels of seismic activity, which was thought to be
attributed to weak coupling at the plate boundary. In contrast, the large segments
along the Nankai Trough in Western Japan (large open stars in Figure 4) have
also been less seismically active in recent decades, but are believed to be
strongly coupled at the plate boundary.

e Since the 1990s GPS monitoring and repeated small earthquakes indicate that
there might be strong coupling in far off-shore segments (larger black star in
Figure 4). However, these segments are too remote to be delineated with
confidence.

Exhaustive seismological research has taken place following the M9 event (e.g. the
special issue of Earth, Planets and Space, vol. 63, no.7, pp. 511-902). Kato et al. (2012)
found significant foreshock activity prior to the M9 earthquake, suggesting migration of
slow slip towards the hypocenter. However, even if the foreshock sequence had been
recognised, it is unlikely that the size or time of the event would have been predicted.
The Japanese on-land seismological and geodetic networks are the densest in the world.
However, they are unable to characterize segmentation and coupling along the off-shore
plate boundary adequately. One solution is to deploy an ocean-bottom geodetic and
seismic network. However, the recurrence period of great earthquakes is a century or
more, so it will take decades before seismic hazard assessments can be improved. The
experiment in South African gold mines has the potential to provide Japanese
seismologists with new insights into earthquake physics in a far shorter period.

5. Conclusions

Past efforts to identify reliable precursors of damaging tremors in South African mines
and great earthquakes in Japan have failed to produce convincing results. This may be
due to limitations in the sensitivity and resolution of past observations. We hope to
remedy this by monitoring deformation and rupture with unprecedented detail at
research sites in three deep gold mines. We recognize that our hypotheses may be
falsified, and that none of the phenomena we have identified will produce precursory
signals that can be used to issue short-term warnings of damaging seismic events in the
brittle hard rock environment. While this would be a disappointing outcome, it will
force us to improve our monitoring and analysis technologies, and seek to identify new
phenomena that may provide a warning of an imminent seismic event. At the very least
we expect to gain new insights into the physics of earthquake preparation and rupture,
and will continue to pursue engineering solutions to mitigate the rockburst risk.
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