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Table 3. Overview of off-fault activity and AE rate for the four experiments. γ : off-fault activity exponent, γ ave:
average power-law exponent and standard deviation for all ISPs except the initial ISP, γ corr: power-law exponent
corrected for hypocentral uncertainty, p-value: goodness-of-fit of estimated γ -values, computed by Monte Carlo
resampling, of the modelled distributions and comparing them to the observed distributions (Clauset et al. 2009).
Within the scope of this study, we consider a power law a valid hypothesis for p-values above 0.10. NAE: total
number of AE events, NAE s−1: number of AE events per second.

Sample γ γ ave γ corr p-Value NAE NAE s−1 NLSD NSSD

WG04 3.37 ± 0.15 3.45 ± 0.14 3.06 ± 0.14 0.21 17,363 4.58 3 5
WG05 1.84 ± 0.10 1.91 ± 0.08 1.84 ± 0.08 0.11 20,020 4.24 6 5
WG07 3.19 ± 0.12 3.27 ± 0.04 2.92 ± 0.08 0.18 27,797 3.51 6 8
WG08 2.58 ± 0.17 2.54 ± 0.09 2.44 ± 0.08 0.29 17,890 2.45 6 5

Figure 10. Connection between fault structure and across-fault AE density profiles. a): AE density distribution displayed on double logarithmic scales (red
circles). The fault core is connected to a constant AE density, which is followed by a transitional zone over which the AE density decreases gradually, as well
as the off-fault damage zone which is characterized by a power law decrease in AE density and lastly, the background damage which is the source of the
background AE activity. b): Thin-section of fault core consisting of highly fractured grains and gouge, and the transitional damage zone with highly damaged
material that shows evidence of localized shear deformation (see also Fig. 3c). c): Thin-section of off-fault damage zone. Loose particles and gouge were
removed. Micro-cracks are highlighted in blue.

thin-sections (e.g. Fig. 3). Within the present study, we observed
a reduction in secondary cracking and associated AE activity with
successive stick-slip events (see e.g. Fig. 5) indicating that off-fault
damage seems to also progressively localize.

Experiment WG05 deviated from the other three experiments by
showing consistently low γ -values and lacking the initial periods
of fault smoothing. This could be explained by an interplay of fault
formation and evolution effects: The freshly formed fracture sur-
face for this experiment was connected to a comparably large fault
angle which changed gradually with successive stick-slip events.
The preferred fracture angle of Westerly granite is between 25–30 ◦

(e.g. Mogi 2007), which is in agreement with our experiments ex-
cept for experiment WG05 (see Fig. S5). The fracture process of
experiment WG05 may have been influenced by material hetero-
geneity or slight deviations in orientation and width of the saw-cut

notches leading to γ -values which are higher than expected. The
systematic changes in fault angle after the initial fracture process
are likely related to changing slip surface orientations and a more
favourable alignment with the principal stresses. Moreover, for this
experiment, we observed a relatively wider damage-zone and large-
wavelength anastomosing crack structures in post-experimental thin
section and CT scans. The extent of the damage zone may be con-
nected to repeated variations of principle slip surface orientations.
Thus, a combination of initial fault zone orientation, and changes in
fault zone structure due to stick-slip fault motion are likely respon-
sible for the observed differences in characteristics of AE density
distributions.

Goebel et al. (2014) observed that increasing fault normal stresses
result in a decrease in γ for experiments on rough saw-cut surfaces.
We compare these results with values of γ corr from initial ISPs of the

 at U
niv of Southern C

alifornia on June 7, 2014
http://gji.oxfordjournals.org/

D
ow

nloaded from
 



1716 T. H. W. Goebel et al.

Figure 11. Compilation of off-fault activity exponents corrected for hypocentral uncertainty (γ corr). We show results of experiments on saw-cut surfaces with
predefined roughness (Goebel et al. 2014) as well as complex fault zones that developed from incipient fracture-surfaces (this study). The black symbols
represent results from the saw-cut experiments: black squares are relatively rough surfaces whereas the black circle (upper left) is from an experiment on a
polished surface (for details, see Goebel et al. 2014). The coloured symbols represent the fractured surface experiments: The coloured squares are γ corr-values
during initial ISPs; round, coloured symbols are average γ -values; and the small coloured markers show γ corr during individual ISPs (colours are the same
as in Fig. 9). The off-fault activity exponents of the relatively rough surfaces (both saw-cuts and fractured surfaces) follow an inverse linear relationship with
normal stress (dark solid line, slope = 3 × 10−3MPa−1). The fractured surface experiments evolve towards slightly lower peak stresses and higher γ values
with successive stick-slip events (coloured ellipses and arrows), except for experiment WG05. The inset depicts a schematic diagram of fault evolution within
based on laboratory-created fault zones.

current experimental series (Fig. 11). The two sets of experiments,
including experiment WG05, can be described by a negative, lin-
ear relationship between γ corr and σ n (see squares and solid black
line in Fig. 11). This relationship highlights the sensitivity of rough
surfaces to variations in normal stress so that larger normal stresses
generally lead to a slower spatial decay of AE events with respect
to the fault axis. Besides the influence of normal stress, Fig. 11 also
displays the evolution of laboratory faults with successive stick-
slip events. Within the first 1–3 ISPs, the γ corr-values increased
rapidly (coloured ellipses in Fig. 11) reaching values similar to
that of a smooth, polished surface (grey, dashed ellipse in Fig. 11).
This similarity between γ corr of relatively mature, fractured sur-
faces and polished saw-cut surfaces may also imply similar fault
roughness. Consequently, the repeated rupture of natural rough sur-
faces over series of stick-slip events is likely connected to extensive
surface smoothing, so that mature, gouge-rich faults show similar
AE density decays to fresh, polished surfaces with little to no dis-
placements. Based on the current set of experiments, we cannot
resolve how generic the observed smoothing processes are, raising
the question, whether all natural-rough surfaces eventually evolve
into smooth faults, characterized by localized slip and decreasing
spatial extents of off-fault activity.

Fault smoothing rates likely depend on the formation history
and stress state of the fault. Roughness reduction may be most
effective within a certain range of conditions, for example, high
initial roughness and favourable alignment with the principle stress
axes. The difference in the smoothing process is most easily seen for
experiment WG05 which showed no evidence of fault smoothing
within the present range of displacements. The current experimental
series are limited to comparably small displacements and we cannot
rule out that secondary smoothing processes will become active
or observable after sufficient displacement has been accumulated.
Despite these limitations, we observe many similarities between
the statistics of AE events and natural seismicity. This highlights
the importance of our results for the understanding of seismicity
variations in nature.

4.4 Is fault evolution limited to small displacements?

A power-law decay in seismic off-fault activity is in agreement
with a theoretical study Dieterich & Smith (2009) and a study of
the spatial decay of seismicity in the proximity of natural faults
(Powers & Jordan 2010). Powers and Jordan suggested that off-
fault activity exponents decrease systematically with increasing
displacements and fault smoothness even at large displacements
of up to 300 km. Our results support progressive fault smooth-
ing with successive stick-slip events, however, this process may
not be continuous. Within the range of displacements of the cur-
rent experimental series, we observed that faults rapidly reached
an approximately constant value of γ suggesting that roughness
remained at a stable level thereafter. Similar observations have
been made for exhumed crustal fault zones, for which a re-
duction in roughness and extension of damage zone widths are
predominately active within the first 10–100 m of cumulative
fault displacements whereas above no evolutionary signal is ob-
servable (Sagy et al. 2007; Savage & Brodsky 2011; Brodsky
et al. 2011). On the other hand, a reduction in fault stepovers and
geometric disorder is observed even for faults with large cumu-
lative displacements (e.g. Wesnousky 1988; Wechsler et al. 2010)
suggesting that evolutionary processes are active on mature faults.

The differences between laboratory and natural seismicity can
possibly be attributed to additional complexity in structure and
roughness of natural fault zones. Most of the off-fault activity ex-
ponents of natural seismicity fall within a range of 1–2 (Hauksson
2010; Powers & Jordan 2010). Powers and Jordan noted that this
range of exponents is consistent with theoretical results for seismic
off-fault activity in the proximity of fractal, rough faults in 2-D for
which γ = 2 − H (Dieterich & Smith 2009). However, as pointed
out in Goebel et al. (2014), in 3-D one expects the seismic off-fault
activity to be related to the fractal roughness over γ = 3 − H. The
roughness of natural faults may be controlled by depth persistent
structural features like fault stepovers. These stepovers likely intro-
duce a roughness component that is approximately constant with
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depth and changes only along strike thus influencing the off-fault
seismicity decay similarly to a fault in 2-D. Hence, fault-normal
seismicity distributions are likely influenced by both surface rough-
ness and structurally induced roughness which may explain the
entire range of γ -values including high values of up to γ = 3 in
Powers & Jordan (2010). This influence may also explain the ap-
parent discrepancy between studies that propose fault smoothing
to be continuous versus studies that propose smoothing to only be
active at small displacements. Moreover, our experiments highlight
the role of increased normal stresses which cause faults to appear
‘seismically rougher’, that is, they are characterized by a slower
spatial decay of seismic off-fault activity.

5 C O N C LU S I O N

We conducted four frictional sliding experiments on rough fault
zones that evolved from incipient fracture surfaces. The laboratory-
created faults showed many similarities to natural fault zones in-
cluding a core deformation zone consisting of gouge and areas of
slip localization as well as an off-fault damage zone with decreasing
crack density at increasing fault-normal distances. We observed a
connection between the characteristics of seismic-event density dis-
tributions and the structure of complex, laboratory-created faults.
The core deformation zone was associated with consistently high
AE activity whereas the off-fault damage zone showed a power-law
AE density decay. The exponent of this power law is sensitive to
normal stress and changes in fault roughness, and can be used to
document fault evolution with successive stick-slip events.

The laboratory faults showed strong evidence for fault evolution
during the initial 1–3 interslip periods as a consequence of fault
smoothing and reduction in fault complexity. Over the following
interslip periods, fault evolution was no longer observable based
on variations in off-fault AE distributions. The lack of evolutionary
signals suggests that fault smoothing processes are most effective
during early stages of fault development. Relative differences in off-
fault activity exponents between experiments were predominantly
controlled by the normal stress on the faults revealing a linear
relationship between normal stress and off-fault activity exponents
for rough faults. Consequently, increasing normal stresses generally
result in a relatively slower spatial decay of seismic off-fault activity.

Our results highlight that fault roughness, stress state, and for-
mation history of a fault are important parameters that control near-
fault seismicity distributions. Distinguishing between roughness-
and stress-related variations in fault-normal distributions of natural
seismicity may provide important insights into fault zone properties
including along strike variations of frictional properties and stress.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1: Schematic representation of sample geometry and load-
ing conditions for notched Westerly granite samples.
Figure S2: Changes in AE density distributions as function of
different sample sizes.
Figure S3: Changes in AE density distributions as function of fault-
normal shift of the fault axis.
Figure S4: Changes in AE density distributions as function of
variation in rotation angle (dμf) used to project the AE events into
the corresponding fault coordinate systems.
Figure S5: Changes in fault angle (μf) with successive stick-slip
events for all four experiments.
Figure S6: Changes in seismic off-fault activity for all experiments.
AE densities were computed from all AE events of an experiment,
except for events that occurred during the initial ISP which showed
the strongest deviations from the average value of γ (http://gji.
oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggu074/-/DC1).
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