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Theoretical background of back-projection imaging and its relation to time-reversal and
inverse solutions
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The back-projection (BP) method has become a popular tool to image the rupture process of large earthquakes since the succ
of Ishii et al. (2005), while it has not been clear what the BP image represents physically. We clarified the theoretical backgrounc
of the back-projection (BP) imaging and related it to classical inverse solutions via the hybrid back-projection (HBP) imaging
(Yagietal., 2012). In the HBP method, which is mathematically almost equivalent to the time-reversal imaging, cross correlations
of observed waveforms with the corresponding Green’s functions are calculated. The key condition for BP to work well is that
the Green'’s function is sufficiently closer to the delta function after stacking. Then, we found that the BP image represents the
slip motion on the fault, and approximately equals to the least squares solution. In HBP, instead of the Green’s function in BP, the
stacked auto-correlation function of the Green’s function must be close to the delta function to obtain a fine image. Because th
auto-correlation function is usually closer to the delta function than the original function, we can expect that HBP works better
than BP, if we can reasonably estimate the Green’s function. With another condition that the stacked cross-correlation function c
the Green’s functions for different source locations is small enough, the HBP image is approximately equal to the least square
solution. If these assumption are not satisfied, however, the HBP image corresponds to a damped least squares solution w
an extremely large damping parameter, which is clearly inferior to usual inverse solutions. We show some simple examples ©
numerical computation to check the validity of the above mentioned conditions implicitly assumed in the BP and HBP methods.

O O 0O 0O 0O : Back projection, Time reversal, Inversion, least squares solution
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Difference in the seismic rupture process between slow tsunami and megathrust eartt
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After the 2011 Tohoku earthquake, we know that huge co-seismic slip can occur at shallow part of subduction zone where
slow tsunami earthquakes have been detected (e.g. the 1986 Meiji-Sanriku earthquake). To understand the nature of megahr
earthquakes as well as slow tsunami earthquakes, it is important to investigate the slip behavior in the area. We estimated spat
temporal slip-rate distribution of megathrust and slow tsunami earthquake using the a novel seismic source inversion metho
(Yagi and Fukahata, 2011, GJI) and a Hybrid Back-projection method (Yagi et al., 2012, EPSL), and then compared the observe
tion results to simulation results using simplified fault models and the mechanism of thermal fluid pressurization. We inverted anc
projected the slip-rate function on fault for the 1992 Nicaragua slow tsunami earthquake, the 2006 Java slow tsunami earthquak
the 2010 Mentawai slow tsunami earthquake, and the 2011 Tohoku megathrust earthquake. In the slow tsunami earthquakes,
found a smooth and slow slip ("0.1m/s) that continued over 50 s near the trench, while pulse-like slip was detected in and aroun
the main-shock hypocenter. On the other hand, in the case of the 2011 Tohoku megathrust earthquake, we also found a smoc
and fast slip ("1.0 m/s) that continued over 80 s near the trench. The slow tsunami and megathrut earthquakes have a release
seismic energy in the downdip area that triggered smooth slip in the updip area. The difference of slip-rate between the analyze
slow tsunami earthquakes and Tohoku megathrust earthquake may suggest the existence of a non-linear rupture characteri:
in the shallowest megathrust faults. Next, we performed dynamic rupture simulations using simplified fault models. We found
that small fluctuations of initial shear stress near a trench, within 1 MPa, lead to differences in seismic moment release greate
than two orders of magnitude. Moderate slip events with trapezoidal source time functions appear to occupy a transition positior
between shallow megathrust earthquakes with surface rupture and smaller ordinary earthquakes without surface rupture. We i
terpret this result as representing the differences in interplate slip between shallow megathrust earthquakes, tsunami earthquak
and ordinary earthquakes in the same region. The observation and numerical simulation results suggest that the dynamic fri
tional weakening in the shallower segment plays a crucial role in the interaction between the deeper and the shallower segmen
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Rupture Process of The 2011 Tohoku-Oki Earthquake Inferred by a Waveform Inversior

Using 3D Green’s Tensor Synthetics
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The March 11, 2011 Tohoku-Oki earthquake (GCMT Mw?9.1) generated strong ground motions and large tsunamis, and cause
devastating damages in the northeastern Japan. Estimating the rupture process of this event is very important for understandi
the geophysical condition of the generation of megathurust earthquakes and the mechanism of the excitation of the large tsunam

We present the rupture process analysis of the 2011 Tohoku-Oki earthquake by using a non-linear full-waveform inversior
method in which the teleseismic and the strong motion seismograms are jointly used. We incorporate the effect of the neal
source laterally heterogeneous structure on the synthetic Green’s tensor waveforms because the solution can be erroneous |
if the effect is not considered (e.g., if only a flat layered structure is used) [1]. For the teleseismic P-wave synthetics we use
2.5-dimensional finite-difference method [2]. For the strong motion synthetics we use a full three-dimensional finite-difference
method that incorporates topography, oceanic water layer, three-dimensional heterogeneity and attenuation. Our simulation
accelerated by the use of hundreds of GPUs used in parallel [3]. We use a GPU supercomputer, the TSUBAME-2.0 in Tokyc
Institute of Technology.

As a preliminary analysis we computed Green’s tensor synthetic waveforms for 31 teleseismic and 15 strong motion compo
nents. We used 640 GPUs of the TSUBAME supercomputer for the calculation of each strong motion synthetics. The inferrec
slip distribution has large slips near and around the JMA epicenter and has relatively less slips near the trench: the major ruptu
apparently migrate toward the north of the epicenter and the maximum slip is about 40 m. We will present results by incorporat-
ing more strong ground motion records and discuss the effect of the choice of the Green’s tensor waveforms on the solutions.

[1] Okamoto and Takenaka, Earth Planets Space, 61, e17-e20, 2009.
[2] Takenaka and Okamoto, in Seismic Waves, Research and Analysis, ed. Kanao Masaki, Intech, 2012.
[3] Okamoto et al, in GPU Solutions to Multi-scale Problems in Science and Engineering, ed. D.A. Yuen et al., Springer, 2013.
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2011 Tohoku earthquake: Unified source model and its rupture process
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Rupture process of the 2004 Sumatra earthquake using teleseismic body waves
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Short recurrence intervals of repeating earthquakes in the Tonga subduction zone
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Earthquake depth estimations in the Po Plain (North Italy) using teleseismic data: influ-
ence on stress drop.
Earthquake depth estimations in the Po Plain (North Italy) using teleseismic data: influ-
ence on stress drop.

Jean Letort*, Massa Marcd, Cotton Fabrick, Guilbert Jocelyf, Drouet Stepharie Pacor FranceséaTraversa Paofa
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3Instituto Nazionale di Geofisica e Vulcanologia, Milano, ItalEDF, Aix en Provence, France
LISTerre Universite de Grenoble 1, CNRS, F-38041 Grenoble, FrahCEA/DAM/DIF, F-91297 Arpajon Cedex, France.,
3Instituto Nazionale di Geofisica e Vulcanologia, Milano, ItahEDF, Aix en Provence, France

On May 2012, the central part of the Padano-Emiliana Plain (North Italy), has been shocked by a dramatic sequence ¢
earthquakes, with higest Mw 6.0. These events were very shallow (" 5-10 km) with low stress drops and large ground-motion:
amplitude have been observed in the fault area. On the opposite, on the last 25th and 27th January other two deeper moder
earthquakes (either with Mw 4.9) occurred in the same area (south of Parma). These two events made very few damages and
victims, but have been felt also far from the source, which could be explained by their important focal depths (33 and 65 km
respectively). Hence, a study of depth influence on seismic properties is of great interest. However, Po plain is a very comple
area, the largest alluvial basin of northern Italy, characterized by anomalous propagation dues to the variable thickness of quate
nary alluvium and with complex Moho discontinuities (Appenines Moho, Alpine Moho and Ligurian Moho): depth estimation
can be sometimes challenging. Recent seismicity studies proposed that a deeper subducting slab of Adriatic lithosphere cou
occur as well in this area and the question about the depth estimation resolution remains open.

Based on teleseismic dataset, we have used coherent depth phases detected on CTBTO arrays (comprehensive-test-ban tre
organization), using cepstral methods as well as focal mechanism estimations from genetic algorithm inversions to constrain th
depths of all recent events above magnitude 3.8 in this area. The use of the teleseismic records gives the opportunity to redu
uncertainties due to complex crustal propagations during regional depth estimations. Moreover, pmP reflexions, observable ¢
some teleseismic records, prove that, at least one event, (January 27, 2012) occurred below the Moho discontinuity, strengtheni
the hypothesis of the active slab.

Then, we have focused on characterizing the link between depth and stress drop, as it is a crucial parameter for ground motic
prediction models. Hence, In addition of our new improved depth catalog, good stress drops evaluations are needed. These str
drops have been extracted from source spectra (magnitudes and corner frequencies, assuming Brune ’s model), using the regio
North Italy dataset collected in the last years by the strong-motion network (RAIS, INGV). We have used an iterative Gauss-
Newton method developed by Drouet et al. (2011), which aims to separate source, sites effects and propagation contributions
the acceleration spectra. Inverted attenuation parameters are similar to those estimated by Castro et al. (2013) and sites effe
have been checked to be coherent with the H/V profiles from the RAIS web site (http://rais.mi.ingv.it/), which strongly validate
the isolated source spectra, thus, the associated stress drops. Finally, depth and stress drop are shown to be strongly correlate
depth events show high stress drop. Hence, in the global aim to predict ground motions, it seems that depth should be taken &
count in a more systematic way; especially as new seismic equipments (for instance CTBTO arrays) afford now better resolutiol
for this crucial parameter.

0O 0000 : depth, stress drop, teleseismic, Po Plain, parametric inversion, corner frequency
Keywords: depth, stress drop, teleseismic, Po Plain, parametric inversion, corner frequency
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Relationship between fc and Mo for AE from continuous and broadband records under :

triaxial compressive condition
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To determine how much of the frictional energy consume in generating fault gouge and breccia is important because this frac
tion will affect the energy used for frictional heating which in turn can affect the mechanical properties of a fault during seismic
fault motion. In addition, it is geologically important to understand the formation and developing process of the mature fault
zones.

We have used the large biaxial machine newly constructed in National Research Institute for Earth Science and Disaster Pr
vention (NIED), Tsukuba (Fukuyama et al. 2012 and Yamashita et al. 2012). This machine is developed to bridge a scale-ga
between natural earthquakes ("km) and conventional laboratory experiments ("mm). The machine is built on the shaking tabl
and used the hydraulic actuator of the table as the shear loading jack.

We have conducted seven biaxial friction experiments on Indian gabbro at average slip rates of 1.09 to 110 mm/sec, at norm:
stresses of 0.66 to 1.32 MPa and with displacements to around 0.42 m. Rectangular specimen®.6f105% m and 2.6 0.5
x 0.5 m with the surface irregularity less than 24 microns are used. The same specimens are repeatedly used in all experimel
but the generated gouge was collected in each experiment by using the brush to measure the surface energy.

All experiments showed violent stick slip events except for the first run (v = 1.09 mm/s, normal stress = 0.67 MPa) where
a stick-slip amplitude increased from small to moderate values with increasing displacement. Overshooting of shear stress o
curred during some stick-slip events at slip rates of 10 mm/s and 100 mm/s; that is, shear stresses dropped down to negati
values during some stick-slip events. The entire stiffness of the apparatus and shaking table was determingdadliiniby
using shear force drop (dF) and the displacement during slipping stage (dD) in each stick-slip event suggested by Shimamoto
al. (1980). This value is consistent with the quasi-static analysis.

The energy fraction of the gouge generation is determined by the surface energy of gouge divided by the frictional energy dur
ing each experiment (Togo and Shimamoto, 2012). Specific frictional energy in each experiment was obtained by the integratio
of the shear stress multiply displacement and the values were 0.18 to 5.16 .Mahal surface energy of generated gouge in
each experiment () was obtained the following equation.

Es=Aggpr *r*m

Where Az g1 is the specific surface area of generated gougethe surface free energy and m is the mass of the generated
gouge. Specific surface area was measured by the BET surface area using a BELSORP-mini made by BEL Japan, Inc. wi
nitrogen as adsorbate. Specific surface area of the generated gouge showed high value of 5.28/rat58efirst two exper-
iments and it decreased with the increasing of the cumulative displacement to around 2.20+/§.48dtotal surface energy
of generated gouge was 37.3 to 627.0 J. Results show that grain crushing absorbed ealy 9.681.39%10~! % of frictional
work. Thus, host rock wearing and gouge generation is unlikely to be an important energy sink at least for mature faults with
well-developed slip zone.
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Fault plane heterogeneity determined by fractal geometry of fault zones
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Numerical simulations for interactions of dynamic rupture on fault step-over
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Slip stabilization, a counterintuitive slip response to a sudden buildup of loading stress
predicted by a revised rate

000 ™ 00001 NakataniMasag O OO OO !
Nobuki Kamé*, Satoshi Fujith, Masao Nakatanj Tetsuya Kusakabe

looooooooo
LEarthquake Res. Inst., Univ. of Tokyo

Motivated by the existing discrepancies between the model predictions of Dieterich (1994) and the observed aftershock sei:
micity, we re-examined aftershock triggering on faults obeying the recently revised RSF incorporated with a newly noticed
stress-weakening effect (Nagata et al., 2012) that seems eventually free from contradictions with laboratory friction experiments
Time-to-instability analysis, which is necessary as a specific nucleation model to get on the original theoretical framework of
Dieterich’s aftershock modeling, was numerically conducted to derive the resultant aftershock sequences obeying the revise
RSF. It was found that certain improvements towards common observations, in terms of raised seismicity and shortened de
lay before Omori decay. However, the improvements were far too small to resolve the huge quantitative gap in the characteristi
stress (direct effect coefficient 'a’ times 'normal stress’) between laboratory values and what is inferred from observed aftershocl
sequences. On the other hand, through many numerical simulations of slip response to a stress step imposed at different timin
in the seismic cycle, we noticed a counterintuitive behavior of the revised RSF. When a sufficiently large stress step is impose
at a timing somewhat before entering self-accelerating stage of the seismic cycle, the timing of earthquake can be delayed rath
than advanced. In this case, the earthquake will occur after several oscillatory cycles resembling slow slip events, which migh
be usable as a marker for a fault at a certain stage in the seismic cycle. This behavior itself is a potentially important finding ir
earthquake mechanics and a laboratory confirmation of the counterintuitive response of a frictional fault to a stress step, which i
an unintended prediction by the revised RSF, is desired in the near future.

Reference

Kame, N., Fujita, S., Nakatani, M. and Kusakabe, T., Effects of a revised rate- and state-dependent friction law on aftershocl
triggering model, Tectonophysics (2012), http://dx.doi.org/10.1016/j.tect0.2012.11.028
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Dependence of earthquake stress drop on scaling of frictional parameters
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Complicated recurrence of slip events on a uniform circular asperity
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Numerical simulation of repeated occurrence of slip events on a fault patch (asperity) is conducted to understand the mechanis
of irregular sequence of slip events. The fault is uniformly shear loaded at a constant rate, and frictional stress acting on the fau
is assumed to obey a rate- and state-dependent friction (RSF) law. A circular patch with velocity-weakening frictional property is
embedded in a fault with velocity-strengthening frictional property elsewhere. A numerical simulation is conducted by varying
the characteristic slip distance L of the RSF law. Slip behavior changes as L increases. When L is small, seismic slip event
(earthquakes) repeatedly occur at a constant time interval. As L increases, recurrence of slip events becomes complex. Peri
doubled slip pattern, where seismic and aseismic slip events alternately occur, multiperiodic pattern, and aperiodic patterns occt
At the same time, slip tends to be aseismic with increasing L. The distributions of shear stress on the fault before the slip event
are variable because of variations of the residual stress in the preceding slip event and aseismic sliding during an interseism
period. This variation in shear stress causes the complex sequence of slip events. Iteration maps of the recurrence intervals
slip events are examined by taking a plot of Ti versus Ti+1, where Ti denotes the time interval between the ith and (i+1)th slip
events. Each iteration map for aperiodic sequence of slip events is expressed by a simple curve, suggesting that the occurrer
time of the next event is predictable from the previous time interval and the slip event sequence exhibits deterministic chaos. T
compare the simulation result of sequence of slip events on a velocity-weakening patch embedded in a velocity-strengthenir
region, a numerical simulation of slip on a velocity-weakening patch enclosed by unbreakable barrier. In this case, ho comple:
recurrence of slip events is observed. When L is smaller than a critical value, seismic slip events repeatedly occur at a consta
interval. On the other hand, stable sliding occurs when L is larger than the critical value. This result indicates that the comple»
slip behavior for a velocity-weakening patch embedded in a velocity-strengthening region comes from the interaction betweer
the velocity-weakening and velocity-strengthening regions.
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Estimation of Radiated Seismic Energy from Regional and Teleseismic Waveforms
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Radiated seismic energy from the seismic sources is a fundamental parameter for understanding source physics, but it ha:
large uncertainty. Therefore, it is important to compare different methods for estimating the radiated energy. Especially, we ar
interested in studying the apparent stress (rigidity multiplied by the ratio between radiated energy and seismic moment) of strike
slip earthquakes in the oceanic lithosphere, because it is often high (Choy and McGarr, 2002). However, this result is obtaine
from teleseismic P waves, and it is often difficult to correct for the radiation pattern of nodal arrivals, therefore, the estimated
apparent stress may have a large variations.

In this study, we estimated the radiated energy for two large strike-slip earthquakes in Japan, the 2000 western Tottori eartt
guake (Mw 6.7) and the 2005 West off Fukuoka Prefecture earthquake (Mw 6.6), using both regional (less than 100km) anc
teleseismic (30deg: delta< 90deg) waveforms. To estimate the energy correctly, it is necessary to account for source effects
(e.g.,radiation pattern) and path effects (e.g.,attenuation). We use only P waves for the teleseismic waveform, because of tl
strong attenuaion of teleseismic S waves and interference with other phases. For the teleseismic waveforms we need to accol
not only direct P but also depth phase, pP and sP (Boatwright and Choy, 1986).

The results show that the radiated energy of two earthquakes are not high. We will examine the each data carefully, and evalua
the differences in results from the different teleseismic and locally recorded data.

gooobo:0bb00ooo,0o0ooo,booood
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Aftershocks Properties of the 2010 ML 6.4 Jiashian earthquake in Southern Taiwan
Aftershocks Properties of the 2010 ML 6.4 Jiashian earthquake in Southern Taiwan

Chi-Chia Tang*, Cheng-Horng Lih
Chi-Chia Tang*, Cheng-Horng Lit

Lnstitute of Earth Sciences, Academia Sinica
Lnstitute of Earth Sciences, Academia Sinica

Large earthquakes often occur in unexpected locations and are followed by numerous aftershocks. Nevertheless, the aftershc
properties of large earthquakes are not usually discovered in detail because a significant portion of aftershock sequences
missing in existing earthquake catalogues, mainly due to overlapping arrivals of seismic waves from these events. We examine
waveform data of aftershocks of the 2010 ML 6.4 Jiashian earthquake recorded by the 19 stations of the Central Weather Burez
Seismic Network. We utilize a matched filter technique which Peng and Zhao (2009) used in detecting early aftershocks tc
discovery missing aftershocks. We use waveforms of 574 aftershocks as templates and scanned three-day data since the origi
time of mainshock. We identify ™ 4 times more aftershocks than listed in the catalogue of Central Weather Bureau. We find

that newly detected events mainly concentrated within first 24 hours and most of them occurred with magnitu@deghe

aftershocks migrated westward from the epicenter of mainshock, ~ 90 degree counterclockwise from the trend of adjacent fault:
The seismicity rate of detected aftershocks is proportional to the inverse of time since the mainshock following the Omori Law.

0O 00O 00O : Aftershock, Jiashian, Taiwan
Keywords: Aftershock, Jiashian, Taiwan
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An Adjoint Data Assimilation Method for Optimizing Frictional Parameters on the After-

slip Area

00000000 bLhoooo?o000!
Masayuki Kand*, Shin’ichi Miyazaki, Kosuke Itd, Kazuro Hirahara

!opoooD,?200000000
!Kyoto Univ.,2JAMSTEC

Afterslip sometimes triggers another earthquake in the time-scale of days to several years. Thus it may be possible to pre
dict the occurrence of such a triggered earthquake by simulating the spatio-temporal evolution of afterslip with the estimatec
frictional parameters. To demonstrate the feasibility of this idea, we consider a plate interface model where afterslip propagate
between two asperities following a rate and state friction law and adopt an adjoint data assimilation method to optimize frictional
parameters. Synthetic observation data are sampled as the slip velocities on the plate interface during 20 days. It is found th
1) all frictional parameters are optimized if data set consist not only of the early phase of afterslip or acceleration, but also of
decaying phase or deceleration and 2) that the prediction of the timing of the triggered earthquake is improved by using adjuste
frictional parameters.

goooo:0bo00g,0bobobooo,obobooo
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00
Source Parameter Study of Hydraulic Fracturing induced Microearthquakes using Empir

ical Green'’s functions

000 ™, 0000 !, RUTLEDGE, Jamés
Ahyi KIM | IIDA, Shuhet, RUTLEDGE, James

lopooooo,?00000000
LYokohama City University>?Schlumberger

Hydraulic fracturing is a technique used to allow economic production of gas and oil from low-permeability reservoirs. The
technique is also used to enhance geothermal energy development. Currently, microseismicity induced by the fluid injection i
routinely monitored to map the fracture growth process in real-time. A natural development is to characterize the mechanisn
of the microearthquakes. Understanding source characteristics of these events is expected to provide a better understanding
the fracturing process and the influence of pre-existing structures controlling the distribution of events. Although several focal
mechanism studies have been done in gas and geothermal field, its estimation is often biased due to various errors. Often t
most significant difficulty in retrieving the source parameters in these monitoring studies is from poor azimuthal coverage. To
avoid these uncertainties in this study, we estimate the source parameters using the empirical Green'’s function (eGf) analysi
The eGf approach is advantageous because it can be performed with one receiver, and requires no assumption of geologic moc
We deconvolve the smaller event from the larger events recorded at the same receiver to obtain the source time functions of tt
larger events. We use the source-time functions to fit the seismic moment and corner frequency of the source-time spectra usil
a least-squares curve fit to the f2 spectra. The data we use were recorded during a hydraulic fracture imaging test in the Cartha
Cotton Valley gas field of east Texas using two multi-level, three-component geophone arrays deployed in nearby monitoring
wells. The treatments monitored include gel-proppant treatments using high viscosity fluids and low-viscosity water frac treat-
ments In this study we apply the eGf method to the events precisely relocated from two injection stagesM¥.4 -0.6).
Preliminary result indicates source spectra of most events agree well with double couple event. We also examine the correlatic
of the corner frequency and seismic moment to investigate whether those events follows the self-similarity observed in tectonit
events.

goooobo:0oobo,0cooo,00o0o0o0oboo,obo0obooo,boobobo,00bo00o

Keywords: Hydraulic fracturing, Microearthquakes, Empirical Green'’s function, Source spectra, Source characteristics, Scalin
Law
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AE in rock under triaxial compression with small perturbation of confining pressure -
Comparison with b-value variation-
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A detailed view of the injection-induced seismicity in a carbonate gas reservoir in South-

western Sichuan Basin, China

000 ™ 0000 20000 2, Chunmei Pang Jie Zengd, Bing Jiang
Xinglin Lei'*, Shengli M&, Wenkang, Chunmei Pang Jie Zeng, Bing Jiang

l0oo0o0oo0o000,?20000000000,300000
!Geological Survey of Japan, AIST, Japadmstitute of Geology, China Earthquake AdministratiéZigong Earthquake Ad-
ministration

Seismicity at a gas reservoir located in the relatively stable Sichuan Basin, China, mirrors the injection pressure of unwante
water, suggesting that the seismicity is injection induced. Injection under high pressure on a routine basis began on 9 Jan. 200
and continued to July 2011. During the injection period, over 120,006frwater was pumped under a wellhead pressure of up
to 6.2 MPa into the limestone formation of Permian 2.45 to 2.55 km beneath the surface. The injection induced more than 7,00
surface recorded earthquakes, including 2 M4+ (the largest one was ML4.4), 20 M3+, and more than 100 M2+ events. Dat:
observed by a nearby local seismic network and five temporal stations provide a detailed view of the spatio-temporal distributior
of the induced earthquakes. Most events were limited to depths ranging from 2.5 to 3.5 km, which is consistent with the limeston:
formation of Permian. In a map view, hypocenters are concentrated in a NNW extended ellipsoidal zone approximately 6 kir
long and approximately 2 km wide centered approximately 1 km northwest of the injection well.

The spatio-temporal distribution and other statistical results indicate that the triggered seismicity is characterized by four
typical phases, which reflect the patterns of the injection rate and wellhead pressure. The largest ML4.4 events occurred whe
the wellhead pressure reached 0.9 MPa at the very beginning of injection. Various factors, such as the shear mechanism, t
pattern of hypocenter distribution, and the fractal dimensions, indicate that the induced seismicity in the region resulted fron
the reactivation of pre-existing faults. Injected fluids diffuse outward along pre-existing faults, which were originally stressed,
weakening the faults and leading to their reactivation. The intersections of a set of conjugate fractures are particularly suitabl
for fluid flowing. Some relatively large dipped faults likely bound the outward fluid flow and provide paths for upward leakage
and downward flow.

The overall migration front follows a typical pore-pressure diffusion curve with a hydraulic diffusivity of &4. fhere are
also some fast responses of seismicity on pressure change reflecting pore-pressure diffusion along the surface of pre-existi
faults with a hydraulic diffusivity on the order of 1 to 10%fs. Multi sources of evidence, such as the shear mechanism, pattern
of hypocenter distribution, and small elevated pore pressure as compared with the least principal stress in the region show th
the induced earthquakes occurred as a result of lowering of the effective normal stress on known or unknown pre-existing blin
faults.
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In-situ stress measurement at the closest proximity of an M1.5 earthquake at Tau Ton

gold mine in South Africa

000 O ™, Gerhard Hofmanh O O O O 2, Chris Standér, Gilbert Moremd, Trevor Clements Phil Pipe?
Hiroshi Ogasaward, Gerhard Hofmanty Harumi Kat@, Chris Standér, Gilbert Moremd, Trevor Clements Phil Pipef

000000000, 2Anglogold Ashanti Ltd. Rock Engineering 0 0 0000 000 O, *Seisimogen CC,Ground Work
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LCollege of Science and Engineering, Ritsumeikan Universityglogold Ashanti Ltd. Rock EngineeringAkema Boring Ltd.,
4Seismogen CC,Ground Work Ltd.

In-situ stress measurements were successfully carried out in close proximity to a M1.5 damaging seismic event at 104 leve
(about 2950 m depth) at Tau Tona gold mine in South Africa. This event occurred on 3 December 2012, and on the 6th ant
7th of February 2013, three overcoring stress measurements were done. The seismic event took place almost at the end o
pilot tunnel (see a photo attached), and significant dynamic rock mass ejection from the sidewall of the tunnel occurred. Elasti
numerical modelling did not indicate any anomalous stress levels, but due to the severity of the damage it was important to bette
understand prevailing stress conditions. Stress measurement methods commonly used in South Africa (e.g. CSIR triaxial ce
method or CSIRO HI method) was not suitable for such high stress conditions or adverse drilling conditions.

We used the BX CCBO technigue (60mm diameter CCBO overcoring), a downsized version of the Compact Conic Borehole-
end Overcoring technique (76mm diameter overcoring; Sakaguchi et al. 1992; Sugawara and Obara 1999; ISRM suggested). F
overcoring, 6-15m BX pilot holes are drilled from tunnels at depths. Tools are used allowing implementation of the technique
for typical South African geological drilling setups with small pneumatic machines. The procedure was first proven effective in
South African gold mine conditions in 2011, on 98 L at Moab Khotsong Mine (about 3.0km depth) at an area with supposed
minimal mining perturbation (Ogasawara et al. J. SAIMM 2012) . The technique was also implemented on 28 and 29th of Januan
2013 at Mponeng Gold Mine, 120L (an about 3350 m depth) also at an area with least mining stress perturbation.

At both the 3.0km-deep site at Moab Khotsong mine and the 3.4km-deep site at Mponeng mine, the measured maximur
principal stress was consistent with overburden pressure. The determined orientations of intermediate principal stress (the ho
zontal maximum principal stress) and its ratio to the maximum principal stress was also consistent with the stress fields that we
accounted for the fault slip mechanisms of nearby M2-4 earthquakes in the mines (e.g. Hofmann and Murphy 2007; Hofmant
and Scheepers 2010).

At the moment, we have to wait for lab test for elastic modulus of the cores recovered from the measurement hole. Howevel
if we used a typical elastic modulus for the lithology of the site, the measured stress at 104L (about 3.0km depth with leas
mining) at Tau Tona was much larger than the measured stress at 120L (a 3.4km depth with least mining) at Mponeng mine.

No in-situ stress measurements have been carried out close to the area of the damaging seismic event before, and hence
stress information was available towards mitigating seismic risk. It was proven that the BX CCBO technique can be implementec
in adverse underground conditions - high stress and limited shift working hours in the South African gold mines. We hope that
stress measurement can be done regularly together with a pilot geological drilling program, prior to advancing the pilot tunnel,
which will fundamentally contribute to mitigate seismic risk in South African gold mines.

We were very much encouraged to make additional plans to see more detailed of stress distribution of seismic sources i
South African gold mines.

These measurements were funded by JST-JICA SATREPS and Anglogold Ashanti Ltd.

Photo. The M1.5 seismic damage at a pilot tunnel at 104L at Tau Tona, at the closest proximity of which the BX CCBO in-situ

stress measurement was carried out. Harumi Kato and Gerhard Hofmann look at a potential rupture plane on the side wall. Pho
by Hiroshi Ogasawara.
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