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ABSTRACT: On 27 December 2007 a Mw 1.9 seismic event occurred in the Mponeng gold mine, SouthAfrica.
The seismic event’s hypocentre, as well as the fore- and aftershocks were located with the JAGUARS acoustic
emission array, placed at mining level 116. Thus, hypocentre depth (3509 m) and focal mechanism are very well
constrained. Since no mining activity took place more than two days before the event, dynamic triggering due
to blasting is ruled out. We investigate the hypothesis that static stress transfer due to excavation of the gold reef
induced the event.To estimate these mining-induced stress changes, we set up a small scale (450 × 300 × 310 m3)
high resolution 3D geomechanical-numerical model, containing most of the seismic events detected. The model
is made of the four different rock units present in the mine: quartzite (footwall), hard lava (hanging wall),
conglomerate (gold reef), and diorite (dykes). The virgin in-situ stress, determined in nearby TauTona mine, is
used to implement initial conditions. Elastic rock properties are taken from laboratory measurements. For the
numerical solution, we are using the finite element method, with a discretised mesh of ∼1 million elements.
From the computed 3D stress tensor we estimate the Coulomb failure stress change (�CFS) on the fault plane
of the event in two ways: The first with shear stresses resolved in rake direction (�CFSslip) and the second using
the maximum shear stress (�CFSmax) on the plane. The �CFSslip values are negative, indicating that, according
to the model, mining activity brought slip in the resolved direction on the resolved fault plane further away from
failure. Considering model uncertainties with respect to fault plane geometry, rake vector, and elastic parameters,
this result remains stable. In contrary, the �CFSmax value is positive, indicating that, given the modelled stress
is correct, a high potential for triggering a rupture is available.

1 INTRODUCTION

On 27 December 2007, a Mw = 1.9 seismic event
occurred in the ultra-deep levels of Mponeng gold
mine, Carletonville, South Africa. The hypocentre and
its aftershocks were located in a depth of 3,509 m, in
direct proximity (<100 m) to recently mined out areas,
access tunnels and a dyke (Fig. 1) (Kwiatek et al. 2010;
Kwiatek & Ben-Zion 2013).

The Mponeng gold mine represents a typical ultra-
deep tabular mining environment. The mine is located
in Witwatersrand Basin, one of the world’s largest gold
mining areas. Mponeng mine exploits c. 1 m high,
c. 22◦ dipping Ventersdorp Contact Reef (VCR) to
a depth of currently down to c. 3,900 m (AngloGold
Ashanti Limited, 2013; Plenkers, 2010; Roberts &
Schweitzer, 1999). The hanging wall is composed
of hard lava, while the footwall consists of quartzite
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(Malan, 1999). About 5–10 % of Witwatersrand Basin
are made of various dykes and sills (Pretorius, 1976).
Two almost vertically dipping diorite-gabbro dykes are
in close proximity to the seismic event’s hypocentre
(Kwiatek et al., 2010). From Figure 1 it is evident
that the hypocentre of the Mw = 1.9 seismic event was
located within one of the two dykes, the Pink-Green
dyke (Yabe et al., 2009).

Such induced seismicity is a known phenomenon
in mines, especially in deep level mines. This is due
to high overburden stresses and the presence of dykes
promoting rock failure (Gay, 1979; Pretorius, 1976).
In most cases the rock is not critically stressed before
the mining. Hence, failure is primaryly a result of
the removal of material from the mine, which induces
static stress changes. As soon as the stresses reach the
strength of the rock, failure occurs.

Here we investigate the hypothesis whether the
static stress transfer due to mass removal induced the
Mw=1.9 seismic event in the Mponeng gold mine.
In particular we estimate the stress changes at the
hypocentre using the Coulomb failure criterion. The
calculation of the stress changes is accomplished by
means of a 3D geomechanical-numerical model that
represents the main geometrical and structural features
of the gold mine at that particular depth.

Data on the progress of mining is available from
the gold mine company Anglogold Ashanti and
from the JAGUARS-group (Japanese-German Under-
ground Acoustic Research in South Africa). The data
shows a consecutive removal of material from the gold
reef in monthly steps for 2007 and 2008. This mining
progress of the gold reef is included in the geometry
of Mponeng mine.

2 GEOMECHANICAL-NUMERICAL MODEL

In the course of the model set up we made the following
simplifying assumptions:

1. Elasticity. We assume that the rock material
behaves linear and that the elastic properties are
isotropic and homogeneous in each material block
(gold reef, dyke, and host rock). Thus, the elas-
tic response can be described with the Young’s
Modulus E and the Poisson ratio ν (Table 1).

2. Plasticity. The roof of the mined out area is subject
to plastic deformations (Malan, 1999). However,
these deformations and the resulting stress changes
have a small impact compared to the induced
changes of the elastic response, and hence are dis-
regarded. In this sense the fully elastic response
in the far-field is an overestimation of the static
stress changes as the energy that is dissipated in the
near-field due to plastic deformation is neglected

3. Backfill. A slurry of waste material is pumped into
the mined out areas (Lucier et al., 2009). However,
the rigidity of the backfill is negligibly small com-
pared to that of the mined out rock. Hence, backfill
is not regarded.

Figure 1. Distribution of aftershocks of the Mw = 1.9
seismic event, colour-coded according to their depths. The
aftershocks on the fault plane are within the dashed black
linlocation of the hypocentre is shown by the black star
(Kwiatek et al., 2010).

4. Support pillars/Props.They are of steel or wood and
support the roof of the mined out areas. However,
only very local effects on the stress field can be
expected and thus we do not model these pillars.

5. Thermal stresses. According to Jones (1988) the
temperature in focal depth is about 60◦C. The air
temperature in the mine is cooled down to about
35◦–40◦C. The stresses induced by the mentioned
temperature change are at least one order of magni-
tude smaller than stress changes by mass removal.
Hence they are not regarded.

6. Dynamic triggering. During the Christmas holi-
days, no blasting was performed at the time and
the days before the Mw = 19 event. Thus, dynamic
triggering can be ruled out.

7. Gravity acceleration. We assume gravitational
body forces of 9.79 m/s2 for the model volume.

8. Secondary processes We do not implement any
secondary processes such as subcritical fracture
growth at the tip of the mining front.This is a poten-
tial major source of systematic uncertainty of the
model.

With these assumptions we have to solve the partial
differential equation of the equilibrium of forces with
linear-elastic rheology. Due to the complexity of the
3D geometry and the inhomogeneous distribution of
material properties, we use the Finite Element Method
(FEM) to solve the problem numerically at discrete
points. The FEM with its unstructured mesh allows the
discretisation of a volume with a high resolution in the
area of interest and a coarse mesh further away. Fur-
thermore, the FEM is capable to resemble the irregular
shapes of the tunnel system, dykes and the thin gold
reef.

604



Table 1. Elastic material properties an density applied in
the model (Gay, 1979; Gercek, 2007; Malan, 1999; MatWeb
LLC, 2013).

Young’s modulus Poisson Density
Lithology [GPa] ratio [kg/m3]

Hanging Wall 88 0.26 2,902
Footwall 79 0.13 2,710
Dykes 110 0.25 2,900
Gold reef 69 0.20 2,600

Figure 2. The discretised geometry of the gold mine. The
gold reef is color-coded according to the progress of the min-
ing. The hanging wall is omitted here to facilitate viewing.
Y-axis points to the north. The mesh contains approximately
one million hexahedron and tetrahedron elements.

The model volume of 450 × 300 × 310 m3 is only
a small part of the mine that is located around the
hypocentre of the Mw = 1.9 seismic event. To ensure
that the final discretisation of the volume is suffi-
ciently fine and to avoid any substantial numerical
errors, we performed a series of 2D resolution test
models (not shown in this paper). The resulting 3D
mesh is presented in Figure 2 and 3. The kinematic
boundary conditions of the models are determined in
a way that they represent the overburden and that the
resulting stress field matches the in-situ stress data
from the neighbouring gold mine TauTona; data are
presented by Lucier et al. (2009). However, for our
calculation of the stress changes only, this calibration
is actually not of great importance as the initial stress
field of the model is eliminated during the calculation
of �CFS (see Section 3). Only for a more advanced
study (plasticity, secondary processes) the initial stress
field calibration is of great importance, but this is not
the focus of this paper.

In the 3D geomechanical-numerical model, the
mined out areas are removed in consecutive monthly
steps. The instant elastic response and the resulting 3D
stress tensor are computed at every integration point

Figure 3. Close-up of the discretised geometry. The
Pink-Green dyke, the thin layered gold reef and the finer
discretisation around a mining tunnel are visible.

within the model for each step of mass removal. In the
following analysis, scalar values are derived from the
stress tensor with its six independent components.

3 MODEL RESULTS

To analyse the resulting stress changes we use the
Coulomb criterion to derive scalar values. According
to Jaeger and Cook (1971) and King et al. (1994),
Coulomb failure stress (CFS) quantifies the stress
change with respect to an arbitrarily oriented plane,
e.g. the rupture plane of an earthquake. Expressed in
a formula this is:

where τ is the shear stress, µ the friction coefficient,
σn the normal stress and C0 the cohesion. CFS is
always computed for a given plane and we use here
the rupture plane of the Mw = 1.9 event with 348|56
(strike|dip) (Kwiatek & Ben-Zion 2013). The changes
in CFS (�CFS) show whether a fault is brought closer
to, or further away from failure. �CFS is calculated by
the subtraction of CFS (Step1) of the unmined stress
state of the model, from CFS (StepX) for the elastic
response of the model at a certain time step. Two dif-
ferent approaches are chosen to calculate �CFS from
the same resulting stress tensors.

In the first approach, CFS is computed, using the
shear stress resolved in the direction of the slip of the
seismic event (CFSslip). According to Kwiatek & Ben-
Zion (2013) the slip is −59◦. The second approach
uses the maximum shear stress on the plane (CFSmax).

�CFSslip in the area around the hypocentre of the
seismic event is negative (Fig. 4). That means the
area is brought away from failure, compared to an
unmined stress state. Hence, according to �CFSslip,
the model does not explain the occurrence of the
Mw = 1.9 seismic event.

On the other hand, �CFSmax in the area around the
hypocentre is positive (Fig. 5). That means the area is
closer to failure than in an unmined stress state. Hence,
using this approach to analyse the model explains the
occurrence of the seismic event.
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Figure 4. �CFS in slip direction (�CFSslip) at the time of
the Mw = 1.9 seismic event. Displayed are two planes that
intersect at the hypocentre of the seismic event. Event loca-
tion is given by the white star. Dykes are the grey compounds
and the gold reef is indicated by the yellow dipping plane.
Y-axis points to the north. A detailed map view of this result
is given in the supplementary figure S1.

Figure 5. �CFS calculated with the maximum shear stress
on the rupture plane (�CFSmax) at the time of the Mw = 1.9
seismic event. Displayed are two planes that intersect at the
hypocentre of the seismic event. Event location is given by
the white star. Dykes are the grey compounds and the gold
reef is indicated by the yellow dipping plane. Y-axis points to
the north. A detailed map view of this result is given in the
supplementary figure S2.

These results suggest a large difference in slip direc-
tion of the Mw = 1.9 seismic event and the maximum
shear stress on the rupture plane at the hypocentre.
Indeed, the direction of the latter is derived from the
model to be c. 110◦. This is in strong contrast to the
resolved slip in the direction of −59◦ on the plane, as
displayed in Fig. 6.

Figure 6. Comparison of the direction of slip on the assumed
rupture plane to the maximum shear stress τmax on that fault.

4 DISCUSSION

Based on the analysis of the classical approach
amongst seismologist using the �CFSslip (Harris et al.,
1998; Stein et al., 1999; Heidbach and Ben-Avraham,
2007, Nalbant et al., 1998; Lorenzo-Martin et al.,
2007) we have to reject the hypothesis that the stress
changes due to the mass removal during mining
induced the event. However, at the same time the model
clearly shows that the stress changes are significant
and reach values of >10 MPa. Possible causes for the
failure of the model are the model uncertainties. These
are listed in the following, according to their impact
on the �CFS calculations (the uncertainties have the
same impact regardless whether �CFSmax or �CFSslip
is used):

– Missing or erroneous extent of mining compart-
ments in the vicinity of the hypocentre.

– Geometry of the gold reef and its rolling behaviour
is not included in the model.

– Geometry of the dykes is constructed from a lim-
ited number of data points. Only an approach to the
actual geometry is realised, but the impact on the
stress field is small.

– Assumed rupture plane orientation; �CFS is quite
sensitive to changes in orientation. Changes can
account for several MPa. However, the uncertainty
is small given the high precision of the installed
seismological network.

– Material properties are gathered from various
sources. It is not clear whether all of the applied
parameters are elastic. However, testing showed that
a large effect of the material properties on the results
can be ruled out.

– Some tunnels, box holes and other small features
where omitted. However, the impact on the far field
stress field is small.

– Large differences in size of adjacent elements exist.
However, our test models showed that this influence
on the results is minor.
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From this list only the first uncertainty is capable to
produce a substantial change in the �CFS calculation
that would be sufficient to change the interpretation.
However, as these data are confirmed and double
checked by the gold mine company this seems to be
very unlikely, too.

Considering the alternative way for the �CFS cal-
culation, i.e. using the �CFSmax, the value is positive
in the proximity of the hypocentre. Thus the event
could have been induced by stress changes due to
mining activity when maximum shear stress on the
rupture plane is used. However, the large contrast in the
direction of maximum shear stress and slip direction
is peculiar. Following the assumption that co-seismic
slip should occur in the direction of maximum shear
stress, our modelled maximum shear stress on the rup-
ture plane should be at least in the overall direction of
the anticipated slip direction. This is not the case in
our study (Fig. 6).

Hence, the question arises, whether the computa-
tion of �CFS, by applying the shear stress in slip
direction, is applicable for a mining environment in the
first place. Therefore the possibility of the occurrence
of additional processes, induced by stress changes,
has to be considered. This opens the wide field of
fracture mechanics, researching alternative processes
which allow inducing a seismic event with a slip in
a different direction than the maximum shear stress
on the plane. One of those processes is Ortlepp shear.
In principle the model is capable to be extended in
that way as the incorporated FEM software package
Abaqus v6.11 has a wide range of plastic rheologies
implemented (Abaqus, 2011). However, to simulate
the fracture propagation the computing would increase
from one hour to several days taking into account
that adaptive meshing to trace the rupture propagation
needs to be considered.

5 CONCLUSION

In order to investigate the hypothesis, that the
Mw = 1.9 seismic event on 27 December 2007 in the
deep level Mponeng gold mine near Carletonville,
South Africa, was induced by mining activity, a small
scale (c. 0.05 km3) three dimensional geomechanical-
numerical model of the gold mine was built, solved
and analysed.

The change of Coulomb failure stress at the
hypocentre of the seismic event is negative (c.
−18 MPa), when the shear stress is resolved strictly
in rake direction. However, the change of Coulomb
failure stress is positive (c. 9 MPa), when resolved in
direction of maximum shear stress. The rake direc-
tion is −59◦, while the direction of maximum shear
stress is 110◦, and therefore almost opposed to the rake
direction. The first approach to compute the Coulomb
failure stress is believed to be correct. Hence, the pri-
mary result is that according to the model, the seismic
event on 27 December 2007 was not induced by mining
activity. The uncertainties in the order of approxi-
mately ±1 MPa do not change this result. Further

investigations are necessary, to confirm the applica-
bility and the described approach to the computation
of the CFS analysis in mining environments.

It is obvious that the Mw = 1.9 seismic event was
induced by stress changes due to mining activity.
There are two possibilities, explaining the failure of
the model to show this: The derived focal mecha-
nism could be wrong, but this is highly unlikely, given
the quality of the network. The seismic event could
have been induced by additional processes, induced
by stress changes due to the mining excavations, e.g.
Ortlepp shear, which are not included in the model.
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6 SUPPLEMENTARY MATERIAL

The following two figures show the �CFS results
for the rupture plane orientation as presented in Fig-
ures. Fig. 4 and 5 in map view cutting through the
hypocentre of the Mw = 1.9 event.

Figure S1. Map view of �CFS in slip direction (�CFSslip)
at the depth of the hypocentre at the time of the Mw = 1.9
seismic event. Event location is given by the white star; dykes
are the grey lines.

Figure S2. Map view of �CFS in direction of maximum
shear stress (�CFSmax) at depth of the hypocentre at the time
of the Mw = 1.9 seismic event. Event location is given by the
white star; dykes are the grey lines.
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