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Source Inversion Validation: The 2014
M L 5.5 Orkney, South Africa, Earthquake
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relationship between the space- (y) and time- (τ) dependent
displacement discontinuity across the fault surface sy; τ and
the amplitude of the displacement wavefield ux; t at position
x and time t:
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We propose a test case for the Source Inversion Validation
(SIV) community and other interested seismologists using
high-quality waveforms of the M L 5.5 Orkney, South Africa,
earthquake. This rupture initiated ∼5 km below the surface
and terminated several hundred meters below the deepest levels
of a gold mine. The Orkney earthquake and its aftershock sequence were well recorded by a dense network of surface and
in-mine seismometers. In situ stress measurements and fault
core through the rupture surface are anticipated to be available
as part of the recently funded International Continental Scientific Drilling Program project to drill from within the mine
into the Orkney earthquake rupture zone through a project
titled “Drilling into Seismogenic Zones of M2.0-M5.5 Earthquakes in South African gold mines.” The remarkable quality
and range of geophysical data available for the M L 5.5 Orkney
earthquake make this event an ideal test case for the SIV community using actual seismic data to determine the spatial and
temporal evolution of earthquake rupture.

Electronic Supplement: Station locations and seismograms in
ASCII format.

INTRODUCTION
Finite-fault source models describe the spatial and temporal
evolution of earthquake rupture. There are many strategies
to solve the inverse problem (e.g., Ide, 2007), but differences
in data selection, processing methods, assumed geophysical
parameters, and inversion techniques (Beresnev, 2003; Ide et al.,
2005) result in often-inconsistent rupture models (e.g., Mai
and Thingbaijam, 2014). Most models are based on the representation theorem for seismic sources, which defines a linear
doi: 10.1785/0220160218

Gy; t − τsy; τdydτ
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(Aki and Richards, 2002). The problem is discretized by replacing the fault surface with a grid of subfaults or other basis functions for which G is their impulse response seismogram at
observation point x
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in which u is the data vector of the seismograms, G is the
design matrix containing the synthetic seismograms for each
source–station pair, s contains the unknown time history of the
displacement discontinuity for each point source, and e is the
error vector.
The Source Inversion Validation (SIV) project (Mai et al.,
2007; Page et al., 2011; Mai, Schorlemmer, et al., 2016) was
developed to quantify the uncertainty in earthquake source inversions. This project provides statistical measures to rate models and offers forward modeling and benchmark exercises for
testing methods (Mai, Schorlemmer, et al., 2016). Inversion
benchmarks as part of the SIVproject (Mai, Schorlemmer, et al.,
2016) include datasets generated from rupture models that
vary in complexity, ranging from spontaneous rupture on a
dipping strike-slip fault to spatially varying rupture with more
structural heterogeneity. Additional standards proposed by
Mai, Shearer, et al. (2016) set guidelines for documenting the
inversion process to promote transparency and reproducibly of
results and facilitate their analysis and comparison. These standards recommend detailed descriptions of model parameters
(including location, geometry, and slip history of each subfault), thorough documentation on data used in the inversion,
and details on methods used to compute Green’s functions,
data processing procedures, choice of priors, and preferred
model misfit (Mai, Shearer, et al., 2016). Up to now, the SIV
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▴ Figure 1. (a) Geographic location and (b) surface seismic network and source slow initiation observed as a foreshock preceding the mainshock by ∼1 s. The foreshock S
geometry of the 2014 M L 5.5 Orkney, South Africa, earthquake. The strike-slip rupwave is lost in the P-wave coda at most of
ture extended to a few hundred meters from the base of the mine and was rethe nearby surface stations.
corded by dense surface and in-mine seismic networks. The color version of
The M L 5.5 Orkney earthquake was a
this figure is available only in the electronic edition.
strike-slip earthquake that produced higher than
expected ground motion, given its epicentral distance (Council
community modeling exercises have only examined synthetic
for Geoscience, 2014), and resulted in local damage. More than
test cases.
400 aftershocks were recorded by surface seismometers in the
On 5 August 2014, an M L 5.5 earthquake occurred near a
day following the mainshock (Midzi et al., 2015), and their spagold mine in Orkney, South Africa. This earthquake ruptured a
tial distribution delineated a nearly vertical mainshock fault
near-vertical fault plane that extended ∼7 km in depth and
plane between ∼4–7 km depth and strike north-northwest–
terminated upward, below the deepest mining levels, ∼3 km
south-southeast (Imanishi et al., 2016). The model fault plane
below the surface (Imanishi et al., 2016). In this article, depth
shown in Figure 1, with parameters given in Table 1, approxiis relative to the surface elevation of a local mine shaft collar
mates
the source plane delineated with the aftershock distrithat is 1310 m above mean sea level. The mine is located in the
bution.
northwestern region of the Witwatersrand basin in the KaapWe constrained hypocentral depths of local earthquakes
vaal craton, located ∼160 km west-southwest of Johannesburg
using
both in-mine and surface station recordings. VELEST
(Fig. 1). The region has been tectonically stable for the past
(Kissling
et al., 1994, 1995) was used for the simultaneous
two billion years (Kamo et al., 1996) but has been modified
inversion
of
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“Drilling into Seismogenic Zones of M2.0-M5.5 Earthquakes
A simple two-layer velocity model (Table 3) was developed
in South African gold mines” (DSeis; Ogasawara et al., 2017).
from the surface recordings of local earthquakes. Travel times
With abundant high-quality waveforms, in situ stress measureand hypocentral depths obtained from VELEST were used to
ments, and the anticipated DSeis logging and fault core data to
calculate travel-time curves, from which we determined the
constrain the rupture process, this earthquake is an ideal test
velocity model given in Table 3. Travel times for one earthquake,
case for the SIV community and provides an opportunity to use
as observed at surface stations, are shown in Figure 3. The model
actual seismic data as an inversion benchmark.
consists of a 1.4-km-thick surface layer with a P-wave velocity of
V P  3:8 km=s and an S-wave velocity of V S  2:3 km=s.
DATA
Below the surface layer is a layer with V P  5:8 km=s and
V S  3:5 km=s that extends to depth. Travel times from inThe South African Council for Geoscience (CGS) operates a
mine stations, most located ∼1–3 km below the surface, are
national network of 26 broadband seismometers distributed
fit well by a uniform velocity model with V P  5:8 km=s
across South Africa and three clusters of strong ground motion
and V S  3:5 km=s. No change in residuals is observed for
sensors, including one broadband sensor, within 200 km of the
M L 5.5 Orkney earthquake (Midzi et al., 2015). The network
shallow versus deep travel paths, validating the velocities in
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2016). Solutions should be submitted using the
recommended formats for rupture models,
the deeper layer. The P- and S-wave velocities obtained from
ground motions, and displacements as described at the SIV
VELEST for the deeper layer are typical for surrounding mines,
benchmark platform (see Data and Resources). As recomwhich have V P  5:9 km=s and V S  3:6 km=s and a crustal
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density representative for the area of 2640 kg=m3 (Boettcher
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fault rupture, along with physical properties of the fault zone
(fracture density, damage state, etc.). By combining kinematic
and/or dynamic models of the faulting at the location of the
fault penetration by the drill hole, we have an opportunity to
go far beyond the conventional interpretation and limitations
of previous source inversion models.

Table 1
Initial Source Information for the 2014 M L 5.5 Orkney
Earthquake
Latitude (°)
Longitude (°)
Depth below the surface (km)*
Origin time (UTC)
Fault plane (approximate)
Strike (°)
Dip (°)
Rake (°)

Foreshock Mainshock
−26.9525
−26.9401
26.8151
26.8125
5.14
4.87
2014/08/05 2014/08/05
10:22:34.01 10:22:35.61
351
90
0

SUMMARY

351
90
0

*Depth is relative to the surface elevation of a local mineshaft collar, which is 1310 m above mean sea level.

that were used, including the station names, components,
waveform types (acceleration, velocity, displacement), and filter
parameters.
The proposed workshop will intercompare participant
solutions and predicted seismograms using the SIV methodologies. The DSeis project will collect physical samples of the

The 2014 M L 5.5 Orkney earthquake provides a unique opportunity to directly compare seismological inferences with deep in
situ observations of faulting. Well-constrained geophysical data
and high-quality waveforms make this earthquake an ideal test
case for the SIV community. Actual seismic data, as opposed to
synthetic data, are now available to test the reliability and robustness of source inversion models. Anyone interested in participating in an SIV workshop using seismic data from the Orkney
earthquake, or with questions regarding the workshop or data,
should contact the authors for more information.

DATA AND RESOURCES
Seismic data for the M L 5.5 Orkney earthquake from the
closest 15 surface stations are available in the Ⓔ electronic

Table 2
Origin Times and Hypocenters for Earthquakes Used in the Velocity Model Inversion
Event
1
2
3
4
5
6
7
8
9
10
11
12

Origin Time
(yyyy/mm/dd hh:mm:ss.ss)
2014/08/05 17:29:51.39
2014/08/05 22:55:18.05
2014/08/06 00:43:52.33
2014/08/06 02:01:38.48
2014/08/08 07:16:41.17
2014/08/09 14:31:21.26
2014/08/27 23:18:56.06
2014/09/02 16:22:15.17
2014/09/04 09:30:29.11
2014/09/09 19:46:47.12
2014/10/12 11:27:38.33
2014/10/28 12:57:54.39

ML
2.0
2.1
2.4
2.9
2.0
2.3
3.4
2.1
2.5
2.4
2.0
2.6

Latitude (°)
−26.9474
−26.9764
−26.9830
−26.9754
−26.9813
−26.9830
−26.9513
−26.9790
−26.9442
−26.9882
−26.9912
−26.9886

Longitude (°)
26.8026
26.8122
26.8135
26.8122
26.8129
26.8141
26.8060
26.8289
26.8059
26.8153
26.8160
26.8155

Depth (km)*
1.76
3.95
4.18
3.86
4.20
4.29
1.65
2.45
2.17
4.20
3.86
3.94

*Depth is relative to the surface elevation of a local mine-shaft collar, which is 1310 m above mean sea level.

Table 3
One-Dimensional Velocity Model for the 2014 M L 5.5 Orkney Earthquake
Layer
1
2

Depth at Top
of Layer (km)*
0
1.4

V P (km=s)
3.8
5.8

V S (km=s)
2.3
3.5

*Depth is relative to the surface elevation of a local mine-shaft collar, which is 1310 m above mean sea level.
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reviewer for their insightful and instructive comments that
greatly improved this article. This project was supported by
the Southern California Earthquake Center (SCEC) Award
Number 16159 to W. E. and M. B.
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▴ Figure 3. Travel-time curve (Table 2, event 2) using travel
times and hypocentral depths obtained from VELEST to determine
a velocity model for the 2014 M L 5.5 Orkney earthquake. The
data are fit well by the velocity model given in Table 3, which
describes a 1.4-km-thick surface layer with V P  3:8 km=s and
V S  2:3 km=s over a layer with V P  5:8 km=s and V S 
3:5 km=s that extends to depth. The color version of this figure
is available only in the electronic edition.
supplement as ASCII files: three-component (north, east, and
vertical) seismograms in acceleration, velocity, and displacement.
Seismic data for the mainshock and the 12 aftershocks listed in
Table 2 may also be obtained directly from the Council for
Geoscience (CGS) at http://geoscience.org.za/index.php/
seismic‑events/125‑5‑8august‑2014‑orkney‑event/438‑5‑
august‑2014‑160%20orkney‑event (last accessed June 2017).
Information on the Source Inversion Validation (SIV) project,
including benchmark exercises and recommended file formats
for solutions, can be found at http://equake-rc.info/SIV/ (last
accessed June 2017). The MATLAB software is available from
MathWorks at https://www.mathworks.com/products/matlab
(last accessed June 2017)
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