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SUMMARY

Variations in fault structure, for example, surface roughness and deformation zone width,
influence the location and dynamics of large earthquakes as well as the distribution of small
seismic events. In nature, changes in fault roughness and seismicity characteristics can rarely
be studied simultaneously, so that little is known about their interaction and evolution. Here,
we investigate the connection between fault structure and near-fault distributions of seismic
events over series of stick-slip cycles in the laboratory. We conducted a set of experiments on
rough faults that developed from incipient fracture surfaces. We monitored stress and seismic
activity which occurred in the form of acoustic emissions (AEs). We determined AE den-
sity distributions as a function of fault normal distance based on high-accuracy hypocentre
locations during subsequent interslip periods. The characteristics of these distributions were
closely connected to different structural units of the faults, that is, the fault core, off-fault and
background damage zone. The core deformation zone was characterized by consistently high
seismic activity, whereas the off-fault damage zone displayed a power-law decay of seismic ac-
tivity with increasing distance from the fault core. The exponents of the power-law-distributed
oft-fault activity increased with successive stick-slip events so that later interslip periods
showed a more rapid spatial decay of seismic activity from the fault. The increase in expo-
nents was strongest during the first one to three interslip periods and reached approximately
constant values thereafter. The relatively rapid spatial decay of AE events during later interslip
periods is likely an expression of decreasing fault zone complexity and roughness. Our results
indicate a close relationship between fault structure, stress and seismic off-fault activity. A
more extensive mapping of seismic off-fault activity-decay has the potential to significantly
advance the understanding of fault zone properties including variations in fault roughness and
stress.
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1 INTRODUCTION

The complexity of strain accumulation along tectonic plate bound-
aries, which are comprised of systems of faults, poses a challenge for
the predictability of earthquakes. Earthquake rupture initiation and
propagation is strongly influenced by the frictional properties and
structure of faults. Faults are zones of high strain within the upper
crust, consisting of a fault core surrounded by a zone of distributed
damage (e.g. Caine ef al. 1996; Ben-Zion & Sammis 2003). This
damage zone consists of joints, cracks, pulverized rock and sub-
sidiary faults over a wide range of length scales, and the embedded
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fault core contains a gouge layer, as well as anastomosing principal
and secondary zones of'slip localization (e.g. Chester & Logan 1986;
Chester et al. 1993; Faulkner ef al. 2003; Dor et al. 2006; Wibberley
et al. 2008; Faulkner et al. 2010). The structure of fault zones
varies along fault-strike and depends on both protolith composition
and rock-fluid interactions (e.g. Schulz & Evans 2000; Faulkner
et al. 2003, 2008; Smith et al. 2013). Current models of fault zone
structure suggest that faults are heterogeneous but become less
complex with increasing displacements so that most of the slip on
mature faults occurs within zones of highly localized strain (e.g.
Chester et al. 1993; Chester & Chester 1998; Ben-Zion & Sammis
2003). This is supported by geological observations of large off-set
fault zones in Southern California (e.g. Chester & Chester 1998;
Rockwell & Ben-Zion 2007). Fault evolution has additionally been
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documented by decreasing numbers of fault stepovers (e.g. Wes-
nousky 1988), and decreasing geometric disorder of fault surface
traces (Wechsler et al. 2010) with increasing cumulative displace-
ments. These studies generally indicate a continuous evolution to-
wards less complexity even after large amounts of slip (1-300 km)
have been accumulated. This is in agreement with results from
seismicity inferred fault smoothing which appears to be active at
displacements of up to ~300 km (Powers & Jordan 2010). However,
other studies which examined roughness of exhumed fault surfaces
suggested that large off-set faults remain in a state of constant com-
plexity (Sagy et al. 2007; Candela et al. 2012), possibly due to de-
creasing rates of abrasional smoothing caused by gouge lubrication
(Brodsky et al. 2011) or rupture related fault re-roughening (Bhat
et al. 2004; Klinger 2010). The apparent discrepancies in studies
on fault roughness reduction as function of fault maturity raise
questions about the uniformity of fault evolution. Fault roughness
reduction may be scale-dependent, or a transient process that is only
active on relatively young faults.

A better documentation of fault evolution is vital for the un-
derstanding of many upper crustal processes. A reduction in fault
roughness, for example, influences the characteristics of strain re-
lease during fault slip including slip distributions, stress drops and
off-fault stresses (Power & Tullis 1995; Dieterich & Smith 2009;
Candela et al. 2011a,b; Dunham et al. 2011). Moreover, the degree
of slip localization and roughness reduction of evolving fault zones
govern many fault processes related to fault-hydrology, fault-zone
growth, earthquake-rupture dynamics and the near-fault distribu-
tion of seismic events (e.g. Ben-Zion & Sammis 2003; Wibberley
et al. 2008; Faulkner ez al. 2010; Powers & Jordan 2010). Similarly,
the geometry of systems of faults controls local earthquake inter-
actions and seismicity clustering. Models that include these fault-
system-induced interactions can produce seismicity characteristics
similar to regional observations and replicate observed statistical
relations of natural seismicity, including aftershock clustering (e.g.
Ward 2000; Rundle ez al. 2004; Dieterich & Richards-Dinger 2010).
Thus, a more detailed understanding of fault evolution and its con-
trols on seismic event distribution is essential, not least for seismic
hazard assessment.

Geologic observations of fault-zone structure are commonly lim-
ited to inactive, exhumed fault branches, so that an investigation of
fault structure, fault evolution and associated variations in seismic-
ity distributions is not straightforward. To overcome these limita-
tions, we study fault evolution and seismic event distributions on
complex fault zones in laboratory experiments under upper crustal
stress-conditions. We present results from series of stick-slip exper-
iments on laboratory-created fault zones during which we document
stress, strain, and seismic activity as well as post-experimental fault
structures. We previously tested the connection between roughness
and seismicity-density distributions on planar surfaces with prede-
fined roughness showing that the off-fault activity can be described
by a power law which is controlled by fault roughness and normal
stress (Goebel et al. 2014). The observed power-law distributions are
in agreement with a theoretical study on the effects of fractal rough-
ness on off-fault seismicity distributions (Dieterich & Smith 2009).
We extend the previous experiments through the creation of series
of stick-slip events on structurally complex fault zones that devel-
oped from incipient, natural fracture surfaces. The current study is
divided into three parts: Initially, we compare fault zone structure
observed in computer tomography (CT) scans, photographic images
and thin sections with acoustic emission (AE) density distributions.
We then investigate changes in AE density distributions with suc-
cessive stick-slip events as possible indicator for progressive fault

Table 1. Mechanical data and loading conditions of the four presented ex-
periments. The length of the saw-cut notches increased from WG04 to WG08
which led to a reduction of the length of the rough surface area. Initially,
samples were fractured at P, = 75 MPa and then reloaded at 150 MPa. Irs:
approximate length of the rough fracture surface, o gir: maximal differential
stress during sliding, U,: maximum vertical displacement of loading piston,
o normal stress, and 7: shear stress. o, and T were corrected for notch
length and change in fault area due to slip (see text for details).

Experiment Irs O diff U, On T
(cm) (MPa) (mm) (MPa) (MPa)
WG04 50£0.15 365+6 3.0£0.003 261+6 198+6
WGO05 42£0.15 296+6 41x+£0.003 372+6 276+6
WGO07 374+0.15 293+6 4340003 237+6 170+6
WG08 30£0.15 288+6 3.74£0.003 280+£6 22446

smoothing. Finally, we examine the connection between variations
in normal stress and seismic off-fault activity distributions.

2 DATA AND METHOD

We show results from four frictional sliding experiments (WG04,
WGO05, WG07 and WGO08) on Westerly granite surfaces, loaded
under triaxial compression. Prior to loading, the rock samples were
prepared with saw-cut notches at 30° angles to the loading axis
to concentrate deformation towards the centre of the samples (see
Fig. S1 and Goebel et al. 2012, for schematic representations of
sample geometry and loading conditions). Initially, we fractured
the intact part between the notches. We then increased the con-
fining pressure to lock the faults and loaded the samples axially
resulting in series of stick-slip events (see supporting information
for more details). The current study focuses on results from the
stick-slip sliding phase of these experiments. This phase was gener-
ally conducted at a constant axial displacement rate (20 um min~!,
and corresponding axial strainrate: ¢ &~ 3 x 107%s~!") and constant
confining pressure (P, = 150 MPa). Changes in differential stress
were determined from force measurements of an external load cell.
Fault normal stresses were computed under consideration of chang-
ing fault geometries, that is, we corrected for different notch depths
and changes in effective fault surface area due to slip (Scott et al.
1994; Tembe et al. 2010). A summary of loading conditions, sample
geometry, and stresses can be found in Table 1.

The deformation along the laboratory-created fault zones was
connected to high AE activity. To document the AE activity, we
employed a high-speed (10 MHz sampling frequency) and high-
accuracy (16 bits amplitude resolution) data acquisition system (see
Stanchits et al. 2006, for details). AE events were recorded using a
miniature seismic-array, consisting of 16 piezo-electric transducers.
AE event locations were determined from traveltime inversions of
automatically picked first arrival times. The location-uncertainty
of AE hypocentres was estimated at 1-4 mm, depending on the
proximity of an event to the limits of seismic array coverage. The
total number of located AEs varied between ~30 000 to ~100 000
for the different experiments (see Goebel ef al. 2013a).

The analysis of fault-normal AE distributions within this study
largely follows Goebel et al. (2014). Initially, we projected the
recorded AE hypocentre locations into the corresponding, best-
fitting fault coordinate systems. The spatial decay of AE events
relative to the fault was determined from linear density estimates
(e.g. Silverman 1986) analogous to previous studies of natural seis-
micity (Hauksson 2010; Powers & Jordan 2010). Fault-normal AE
densities were computed by sampling a constant number (N) of
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nearest-neighbour events starting from the fault centre (Silverman
1986). We determined the density of the individual samples, which
is proportional to the fault-normal distance of the Nth event. The
density was then normalized by the total fault area and experiment
duration. Changes in the sample size, N, mainly influence the data
scatter, and the characteristics within the distribution tail, whereas
the slopes remained stable (see Fig. S2). Prior to AE density es-
timates, we stacked the AE activity from both sides of the faults
and test for symmetry of AE event distributions relative to the
fault axis. The symmetry test involves comparing the cumulative
fault-normal-distances from each side of the fault and computing
the maximum Kolmogorov—Smirnov (KS) distances for a set of
possible fault centre locations. The ‘true’ fault axis minimizes the
KS-distance between both fault sides. Details about the estimation
of AE density distributions and sensitivity to fault orientation and
centreing can be found in the supporting information.

The fall-off in AE density distributions could be described
by a power law. The power-law exponents were determined us-
ing a maximum likelihood estimate (e.g. Newman 2005; Clauset
et al. 2009). The corresponding minimum bounds were computed
through maximizing the fit between observed and modelled, power-
law-distributed data. The best-fitting power-law parameters min-
imize the KS distances between the observed and the modelled
cumulative distributions (Clauset et al. 2009). We tested the sta-
tistical significance of the power-law fits by bootstrap resampling.
To this aim, we created 10 000 synthetic data sets based on the
estimated power-law parameters and compute the goodness-of-fit
between synthetic data and the model as well as empirical data
and the model. The resampling method evaluates how much of
the difference between the model and the data can be explained
by random, statistical variations as opposed to systematic varia-
tions, for example, due to applying an incorrect model. Following
Clauset et al. (2009), we chose a significance level of 0.1 as suffi-
cient to establish the power-law hypothesis. We tested the influence
of hypocentral uncertainties on power-law distributions using syn-
thetic data (Goebel ef al. 2014). Close to the fault, the convolution
of power-law and Gaussian uncertainties is controlled by location
uncertainties whereas at larger distance the power law dominates
the distributions. The more distant portion of the distribution can be
used to estimate the power-law parameters and the influence of the
Gaussian can be removed by a simple linear correction using the ex-
pected uncertainty, if both uncertainty and power-law exponent are
not very large. The synthetic tests also revealed that the minimum
power-law bound can lie slightly beneath the hypocentral uncer-
tainties. A more detailed description of the here employed tests for
power-law behaviour and corresponding parameter estimates can be
found in Goebel et al. (2014).

3 RESULTS

Stick-slip type fault motion is characterized by increasing stresses
during interslip periods and an abrupt decrease during failure, which
can be considered a laboratory analogue to natural earthquake be-
haviour (e.g. Brace & Byerlee 1966). We strove to mimic the nat-
ural faulting process through creating series of stick-slip events on
structurally complex fault zones allowing for abrupt earthquake-like
stress release and fault evolution over several seismic cycles. As a
consequence, the differential—stress curves during our experiments
were generally characterized by: (1) A gradual stress increase which
was linear at first and progressively deviated from linearity closer to
failure and (2) sudden stress drops with magnitudes ranging from 4

Fault evolution and acoustic emission distributions 1707

400 a
a
350
‘@ 300
o
= ~N ™
@ 250 o [a)
(%} %2} n
I - -
& 200
s
@ 150
Q
0o 100
50
Interslip Interslip Interslip
V4 Period 1 <+—Period 2—> «——Period 3——
00 2000 4000 6000 8000

Time[s]
Figure 1. Loading curve for experiment WG04 which resulted in three large
stress drop (LSD) events and five small stress drop (SSD) events. The extent

of the interslip periods (ISPs) between the LSD events is indicated by black
arrows at the bottom of the figure.

to 220 MPa (Fig. 1). We observed two different groups of stress drop
events: large stress drop (LSD) events with magnitudes between 118
and 220 MPa and small stress drop (SSD) events with magnitudes
from 4 to 65 MPa. The characteristics of stress release of the current
experiments differ from tests on planar, saw-cut surfaces (Goebel
et al. 2014) during which predominantly linear stress increases al-
ternated with LSD events. This suggests a direct relation between
structural complexity and stress-curve complexity observed before
failure, which were present during the current tests on natural-rough,
fractured surfaces but absent during saw-cut surface experiments.
In Sections 3.2 and 3.3, we examine fault structural complexity and
connected changes in AE densities with fault-normal distance and
successive stick-slip events in more detail. Periods between succes-
sive stick-slip events will be referred to as interslip periods (ISPs).
The result section is organized as follows. Initially, we examine
generic characteristics of AE hypocentre locations, fault structures,
and AE density distributions. We then test changes in AE densities
with successive stick-slips exemplified for experiment WG04, and
then for all other experiments. Finally, we analyse differences in
off-fault AE density distributions between individual experiments
and discuss possible mechanisms, for example, differences in fault
formation history and fault normal stresses.

3.1 AE hypocentre locations

The observed AE event populations enable monitoring of regions of
local failure stress exceedance and connected micro-fracture pro-
cesses. They also outline the approximate fault-zone extent and ori-
entation within resolution limits and location errors. Fig. 2 shows
AE event locations during the three ISPs of experiment WG04,
displayed in the corresponding, best-fitting fault coordinate system
(Xt, Yt, Zr denote coordinates in-plane slip-orthogonal, slip-normal
and slip-parallel directions). AE events generally highlight a zone
of high strain and brittle deformation, that is, the fault zone that
developed from an initial fracture surface. While much of the de-
formation is localized within a planar zone connecting the two
saw-cut notches, we also observed a diffuse zone of AE activity that
extended out to larger fault normal distances. Furthermore, the AE
event cloud indicates some degree of fault curvature and variations
in fault zone widths along the Z-axis from 10 to 20 mm. Additional
to [Y,Z] fault curvature, we observed some AE activity towards the
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Figure 2. AE hypocentres of experiment WG04 projected into a best-fitting fault coordinate system and viewed in a plane parallel and perpendicular
to the fault. Left-hand column: fault-parallel view of AE events. The approximate fault extent is highlighted by a grey ellipse. The grey, dashed lines
mark the approximate location of the notch tips. Centre column: AE events within a fault-perpendicular plane (see inset on bottom left-hand side). The extent
of the saw-cut notches is indicated by grey bars at the top and bottom. Right-hand column: AE events within a fault-perpendicular plane viewed from the top
of the sample. Each row marks a different interslip period of experiment WG04 labelled from ISP1 to ISP3 from top to bottom analogous to Fig. 1. Dots are
coloured by magnitude.
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Figure 3. Example of fault zone extent after fracture and subsequent stick-slip sliding during experiment WGO07. (a) Photographic image of the centre of the
post-experimental fault zone. The width of the core deformation zone (wy) varied between 1 and 3 mm along the direction of slip. White arrows indicate the
direction of maximum compression. (b) CT-scan of the same fault area as in (a). Black, linear features highlight extent of core deformation zone that consists
of sets of anastomosing cracks. The CT-scan images confirmed a core deformation zone width between 1 and 3 mm. The large crack outside of the core
deformation zone (upper right) was formed early during the experiment and was active only during initial periods. (c) Microscopic image of thin section of
the red rectangular region highlighted in (c). The core deformation zone contains ultrafine-grained gouge, larger clasts and pervasive microcrack damage, as
well as one or more principle slip zones. The minimum width of the core deformation zone was between 1 and 1.5 mm. Outside of this zone, we observed a

network of microcrack damage that was present in most of the thin section.

sample boundary [(Zf = —20 mm, Y = 15 mm) in the upper frame
of Fig. 2] likely connected to secondary faulting. The highest AE
activity was observed during the first ISP whereas later ISPs showed
less activity and more pronounced AE clustering within localized
fault regions.

3.2 Fault structure and average AE density distributions

In the following, we investigate fault structural characteristics
and damage-zone widths inferred from post-experimental mi-
crostructure images and fault-normal AE event density distribu-
tions, exemplified for experiment WGO07. Thin-section images of
the laboratory-created fault zones revealed zones of highly strained
material within the fault core consisting of fault gouge, larger
clasts (up to ~0.1 mm) and one or more principle slip surfaces.

These zones are embedded into highly fractured host rock. The
density of micro fractures decreased as function of distance from
the core deformation zone (see also Goebel et al. 2013b). The
width of the core deformation zone could be identified within in-
dividual fault-orthogonal planes in photographic and CT images
(Figs 3a and b), revealing strong variation along fault-strike. The
maximum extent is up to ~3 mm but may also be higher if ad-
ditional principal slip surfaces are present. Principal slip surfaces,
which have estimated widths on the order of tens of micrometres,
exhibit a complex behaviour: diverging and joining together in dif-
ferent fault regions enclosing larger clasts between anastomosing
branches. The enclosed material is commonly strongly fractured
and shows local evidence of shear. The minimum extent of the core
deformation zone was ~1 mm (Fig. 3¢), however, this width is also
difficult to constrain due to the inherent incompleteness of 2-D rep-
resentations of a 3-D, structurally complex fault zone. Thus, the
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Figure 4. Example of AE density distribution (blue circles) as function of
fault-normal distance for experiment WGO07. The blue line depicts the fit
of the power-law distributed data between the power-law bounds marked by
Ymin and Ymax (vertical, dashed lines).

minimum width may even be lower in zones of highly localized
deformation. Moreover, the displayed fault structure is the result of
sample fracture and subsequent stick-slip events. The initial fault
creation may already produce some microcrack damage within the
fracture process zone (Vermilye & Scholz 1998; Janssen et al. 2001).
Thus, the post-experimental structural analysis provides a cumula-
tive picture of the created damage rather than resolving damage
caused by individual stick-slip events.

To obtain a more detailed picture of stick-slip related damage,
we tested a possible connection between fault structure and average
AE density distributions. The latter were initially estimated for AE
events of all ISPs. Events within a 8-20 s time window after slip
onsets, showed a pronounced Omori-type aftershock decay (Goebel
et al. 2012, 2013b). The aftershocks together with AE events that
were associated with slip events were excluded from the current
analysis because, here, we are interested in damage creation during
stress increase on rough faults.

AE densities were determined using the same sample size
(N = 30) for all experiments to ensure comparability of the re-
sults. We tested different values for N ranging from 10 to 240 which
resulted in varying degrees of smoothness of density distributions
and a slight decrease of the maximum extent of AE densities for the
largest values of N, while the rate of special decay of AE densities
remained largely unchanged (see Fig. S2). The AE density in our
experiments was generally high close to the fault axis and remained
at approximately constant values out to distances of several mil-
limetres, for example, ~2 mm for WG04 (Fig. 4). The constant,
high AE activity indicates strong brittle deformation within this
zone. At larger distances, the AE-density decay could be described
by a power law. The power laws were bounded by the parameters
Yinin and Yy, (see Fig. 4). The former marks the transition between
high AE activity within the core deformation zone and the power-
law decay in AE activity. Y,,.x marks the transition to a zone of
secondary, seismic activity. This activity is likely not directly con-
nected to the deformation along the fault but could rather be caused
by large secondary cracks, or pre-existing material heterogeneity. In
our experiments, quantitative estimates of Yy, are impossible if the
transition to the secondary activity occurs at large distances, or if
the secondary activity is low. Consequently, the following analysis
and interpretation are largely based on the power-law exponents,

Table 2. Width of core deformation zone (wgf) estimated from post-
experimental CT-scans, thin sections, and photographic images as well as
lower bound (Ymin) and exponent (y) of power-law distributed AE densities.
Irs is the length of the rough fracture surfaces.

Sample we Ymin Irs y p-Value
(mm) (mm) (cm)

WG04 142+1 3.8 5.0+£0.15 32£0.07 0.18
WG05 14+1 0.9 42+£0.15 1940.01 0.15
WG07 1-3+1 2.0 3.7+£0.15 3.1£0.03 0.45
WG08  0.5-25+£1 1.6 3.0+£0.15 2.1£0.02 0.11

y, and the minimum bounds, Y,;,, which can be estimated more
reliably. In addition, we determined the parameters y* which shows
the variation in y as a function of different values for the lower
power-law bound, and y which is the power-law exponent cor-
rected for hypocentral uncertainties.

The core deformation zone widths, wy and the minimum power-
law bound, Yy,;,,, varied systematically with the length of the saw-cut-
guided, fracture surface, /gs (Table 2). Longer, rough surfaces were
generally connected to larger maximum values of wy. Similarly, Yy,
increased as a function of /g for all experiments, except for WGO05.
The increase in Yy, highlights that longer, initially rough surfaces
led to broader damage zone widths and broader zones of high AE
activity. Experiment WGO05 showed lower values for both power-law
exponent, ¥, and Yy,;, than expected from the corresponding values
of Irs and wy, which will be explored in more detail in Section 3.4.

The width of the zone of high AE activity, which is approximately
2 Ymin because of the profile stacking from both sides of the fault, is
generally wider than the estimates of wy. This difference in width
can be explained by a previously identified lower resolution between
optical and AE methods (Zang et al. 2000). Optical methods gen-
erally have a lower resolution so that the AE hypocentre locations
resolve damage structures out to larger fault-normal distances. Nev-
ertheless, the initial comparison between fault zone structure and
fault-normal AE density distributions shows interesting parallels,
for example, the pronounced zone of high brittle deformation seen
in both the microscopic images and high AE event densities close to
the fault axis. This zone transitions into a power-law fall-off in AE
densities and a region of decreasing microcrack densities observed
in thin-section images.

3.3 Changes in density distributions and off-fault activity
exponents with successive stick-slip events

We explored variations in the spatial decay of AE density distri-
butions with successive ISPs starting with experiment WG04. The
initial ISP of experiment WG04 showed a plateau of AE density
close to the fault axis out to a distance of about 2 mm (Fig. 5,
top panel). Further out, a roll-over region occurs between 1.5 and
2.3 mm, and a power-law decay out to distances of Y; ~ 7 mm.
Secondary AE activity was also visible but did not influence the
power-law slopes close to the fault. This observation was confirmed
by computing power-law exponents without the region of secondary
cracking. The power-law exponents increased systematically with
successive stick-slip events, that is, a relatively larger proportion of
AEs appeared closer to the fault highlighting a faster spatial decay
during later ISPs (Fig. 5).

To investigate the characteristics of individual density distribu-
tions in more detail, we computed the power-law exponent, y*, as
function of varying minimum power-law cut-offs, Y, (Fig. 5, in-
sets). In case of power-law distributed data, we expect to observe
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corresponding KS-distances, that is, the minimum between distances between modelled and observed distributions (see text for details). The best-fitting Yiin
value (black dashed lines in inset) minimizes the KS-distance. The corresponding y-values are marked by horizontal, coloured, dashed lines within the insets.
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Figure 6. Changes in off-fault activity exponent (y) with successive stick-

slip events. Markers are coloured according to different experiments. The

solid lines are trend lines highlighting the initial rapid increase in y followed

by approximately constant values. The green dashed line represents an ex-

trapolation for experiment WG04 using an exponential function of the form:

y = A — Bexp(—Cn), where 4, B and C are empirical fitting parameters,
and 7 is the respective ISP.

a rapid increase in y* below Y., followed by largely constant
values over the extent of the power law and larger fluctuations in
the distribution tail. The corresponding KS-distances for different
values of Y5, show a minimum at the beginning of the y*-plateau
in agreement with the expected Yy, values (Fig. 5, inset). The y*
values increased systematically over the whole range of Y.\, with
subsequent ISPs emphasizing the robustness of the evolutionary
trend. The range of the power-law behaviour remained approxi-
mately constant over the series of stick-slips based on an assess-
ment of the constant portion of y*. Y, increased systematically
with successive stick-slip events from 2.3 for ISP 1 to 4 for ISP 2,
and 5 for ISP 3. The uncertainties in y are generally small, com-
pared to those in Yp,;, which showed uncertainties up to ~0.5 mm
due to the extended roll-over regions. The lower bound, Yp,, is
an important parameter in distinguishing the power-law distributed,
off-fault activity, and the ‘on-fault’ activity which consists of re-
gions of constant AE density and is bounded by the roll-over re-
gion. For simplicity, we will refer to AE events that occurred at fault-
normal distances above Y,,,;, as off-fault, and those below as on-fault
activity.

We examined if the observed trend of decreasing off-fault ac-
tivity exponents could be observed for all experiments (Fig. 6).
Experiments WG04, WG07, and WGO08 show a similar relative
trend in y, that is, comparably low values at the beginning, fol-
lowed by an increase over the initial 1-3 ISPs. All experiments
approached approximately constant values during later ISPs. We
observed a substantial difference in the average value of y between
the experiments. Experiment WGO05 showed the lowest average y -
value, and also deviated from the previous trend of initial increasing

power-law exponents and subsequent constant values. The other ex-
periments showed increasing average values of y with increasing
length of the rough fault zones. In the following, we investigate
experiment WGOS5 in more detail by comparing it to experiment
WGO07. Both experiments had similar initial sample geometries
(i.e. length of saw-cut notches) and were subject to similar loading
stresses.

In spite of similar initial sample geometry, the natural fracture
process of the intact part between the ends of the notches resulted
in varying fault structure and fault orientation for different experi-
ments. These differences are also expressed in variations of the prin-
cipal orientation of AE hypocentre populations. In the following,
we assume that AE hypocentre locations are connected to principle
slip surfaces so that the regions of highest AE densities mark the
locations of the principle slip surfaces. Consequently, we can de-
termine possible variations in slip surface orientation for each ISP
by projecting the AE hypocentres into a best-fitting fault coordinate
system. The corresponding fault angles, uf, are used to compute
changes in normal stress with successive ISPs and between experi-
ments.

Normal stress and pr vary substantially between WGO05 and
WGO07 (Fig. 7). For experiment WGOS, the best-fitting fault plane
was oriented at ~40° angle from the vertical loading axis during
the initial ISP. This angle decreased systematically with successive
stick-slip events down to pr &~ 35° during the last ISP. Experiment
WGO07, on the other hand, showed an approximately constant fault
orientation at s = 27° (see Fig. S5). In addition to changes in pr, we
observed that WGO0S showed substantially higher AE activity than
WGO7 at larger distances from the fault surface. This difference is
in agreement with the average values of y.

To further test for possible differences in fault orientation, fault
structure, and changes in principle slip surfaces between WGO05
and WGO07, we analysed post-experimental CT images (Fig. 8).
The CT-images generally depict the cumulative damage creation
due to sample fracture and subsequent stick-slip events. The CT-
scans revealed slightly larger fault angles for WG05 compared to
WGO7. Furthermore, we observed a comparably broad zone of high
crack-density for experiment WG05 whereas WG07 showed a more
localized core deformation zone (Fig. 8 insets). To compare these
results to our prior estimates of 1¢¢, we highlighted the corresponding
angles in both CT-images. The damage-zone orientation and width
within the CT-scan of experiment WGOS highlight a likely migration
of the principle slip surface from 40° to 35° during successive
stick-slip events. The damage-zone width of WG07, on the other
hand, is comparably narrow, underlining the pronounced stability
of principal slip surface orientations and p¢. Our estimate of uy
based on AE hypocentres was ~1° lower than expected from CT-
images, but is in agreement with a possible range of s = 27°-30°
based on the observed width of the fault zone in Fig. 8. Due to
the cumulative character of the damage within the CT-images a
precise estimation of the fault angles for each ISP is complicated.
Nevertheless, the slightly larger angle between fault and loading
axis for experiment WGO0S5 together with the broader damage zone
support the previously suggested differences in ¢ between WG05
and WGO7.

3.4 Changes in off-fault activity exponent with normal
stress

Based on the variations in fault angle and the relatively large dif-
ferences in effective, rough surface area (i.e. the fault area between
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Secoﬁdafy
AE activity

Figure 7. Changes in fault orientation inferred from AE populations for experiment WGO05 (left) and WGO7 (right). The marker-colours correspond to AE
events recorded during the individual ISPs of an experiment. WGO0S5 had relatively larger fault angles which decreased with successive stick-slip events whereas
WGO07 had an approximately constant angle of 27°. Experiment WG07 displayed some AE activity related to secondary faulting below the end of the upper

notch (green ellipse).

the pre-cut notches), we also expect the stress level on the faults to
differ between experiments. To investigate the influence of normal
stress on seismic off-fault activity, we computed shear and normal
stresses (see Table 1) corrected for both notch lengths and fault dis-
placements. We then compared stress estimates to average off-fault
activity exponents. To this aim, we compiled the AE events of all
ISPs and computed AE density profiles but again excluded events
within initial ISPs which showed the strongest deviation from the
average y values. We observed a general trend of lower off-fault ac-
tivity exponents with increasing normal stress so that y and o', show
anegative, linear relationship (Fig. 9). The corresponding Pearson’s
correlation coefficient was estimated at » = —0.93 (Spearman’s rank
= —0.80). Larger normal stresses result in a relatively larger propor-
tion of off-fault activity which are associated with the relatively low
y-values, for example for experiment WGO05, which experienced
the largest fault stress level and a comparably slow off-fault activity
decrease.

Table 3 presents an overview of off-fault activity exponents, cor-
responding goodness-of-fit (p-values) and the AE rate for individual
experiments. In Goebel ef al. (2014), we investigated the influence
of hypocentral uncertainties on power-law parameters of the off-
fault activity decay, and we find a linear increase in both y and
Ymin as function of hypocentral uncertainty, if the latter follows a

normal distribution. The power-law exponents, y o, corrected for
hypocentral uncertainties, are displayed in Table 3, as well as in
Fig. 9 assuming an average hypocentral uncertainty of ~2 mm, and
are the basis of the following discussion.

4 DISCUSSION

4.1 Relating fault structure and AE density distribution

Our results suggest a close connection between fault structure and
AE density distributions. The density distributions are character-
ized by a zone of constant, high AE density close to the principal
slip surface, a roll-over region, and a zone of rapid activity de-
cay which could be described by a power law. Within a previous
experimental series, we showed that the power-law decay is con-
trolled by both fault roughness and fault normal stress (Goebel
et al. 2014). Through analysing sets of post-experimental thin-
sections, we quantified the connection between fault structure and
resulting AE density characteristics (Fig. 10). The high AE density
plateau is connected to strong brittle deformation within the fault
core which is dominated by fine-grained gouge, large, elongated
clasts (up to ~0.1 mm) and zones of localized slip. We observed a
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Figure 8. Fault structure and orientation in post-experimental computer
tomography scans of experiments WGOS5 (left-hand side) and WGO7 (right-
hand side). The fault angles are highlighted by solid green and orange lines.
For a comparison, we also highlighted a 35° angle for experiment WG07
(orange, dashed line). The insets show the fault structure without marked
fault angles. The saw-cut notches filled and inserted teflon sheets are visible
to the upper left and lower right of each image.
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Figure 9. Off-fault activity exponent (ys), corrected for hypocentral un-
certainty, and normal stress. We observed an inverse, linear relationship
between ycorr and o, (inset). The larger markers within the inset depict
average values of y o for later ISPs and the smaller markers show value for
individual ISPs. Pearson’s correlation coefficient, p-value and Spearman’s
rank are displayed in the lower left of the inset. We used this relationship
to correct the different values of y in Fig. 6 for different normal stress
level, expectedly, resulting in a partial data collapse within narrow range of
exponents.

transitional damage zone between highly deformed fault core and
host-rock that showed pervasive fracturing and evidence of local
shear deformation. Progressive damage accumulation likely led to
a widening of the transitional damage zone as well as an increase
in Yo, (see Fig. 5). A widening of the damage zone may occur
in form of wall rock erosion, grain fracture, grain plucking and

subsequent assimilation into the central gouge layer (e.g. Amitrano
& Schmittbuhl 2002). However, these observations should be in-
terpreted cautiously because both roll-over zone width and Y,
are sensitive to hypocentral uncertainties and small variations dur-
ing the projection of AEs into the corresponding fault coordinate
systems.

4.2 Mechanisms of power law distributed off-fault activity

We observed a systematic change in y with increasing normal stress
and successive stick-slips. The latter highlights the connection be-
tween off-fault activity, and fault evolution in form of roughness
reduction with larger displacement. The influence of roughness and
normal stress on the off-fault activity can be understood within
the context of varying asperity-size distributions on material inter-
faces: Higher normal stresses on rough faults result in an increase
in effective contact area and a relative higher proportion of large as-
perities (Dieterich & Kilgore 1996; Goebel et al. 2014). In addition,
variations in fault roughness strongly influence the spatial decay of
oft-fault stresses (Dieterich & Smith 2009), and thus also the spatial
decay of AE activity, if stress is mainly released seismically. Fault
roughness and seismic off-fault activity are related through the fol-
lowing equation (Dieterich & Smith 2009; Powers & Jordan 2010;
Goebel et al. 2014):

}/ch—H, (1)

where ¢, is the geometric dimension, and H is the Hurst expo-
nent of a fractal rough fault (see e.g. Mandelbrot 1982; Turcotte
1997). Goebel et al. (2014) noted that this is a more general form
of the initially suggested model by Dieterich & Smith (2009), that
accounts for the difference in asperity shapes and corresponding
stress perturbations in 3-D. In 3-D, stress decays with distance
(r) from an asperity as 1/7° as opposed to 1/#* in 2-D. Con-
sequently, we expect the off-fault activity exponent to vary be-
tween 2 and 3 corresponding to Hurst exponents between 0 and
1 (Eq. 1). This expectation is approximately met by our obser-
vations (e.g. Fig. 11), although y may reach values below 2 for
rough faults that are loaded at high normal stresses. Surfaces with
Hurst exponent of H = 1 are connected to a relatively larger pro-
portion of roughness at large wavelengths compared to surfaces
with H = 0 which show a larger proportion of roughness at small
wavelengths.

4.3 Fault smoothing and the influence of normal stress
and fault formation history

Our results show that fault evolution is complex even on incipient
fracture surfaces in the laboratory. This complexity arises due to
the interplay of fault roughness, stress and fault formation history.
Changes in off-fault activity exponents, which were characterized
by an initial increase over the first 1-3 ISPs, indicate strong fault
smoothing at the beginning of the experiments. This is in agreement
with a previous study during which we inferred a strong initial re-
duction in fault complexity based on decreasing fractal dimensions
of AE hypocentre distributions (Goebel ez al. 2013b). In that study,
we observed fractal dimensions to decrease from initial values of 2.5
down to values close to 2. The latter is consistent with a predomi-
nantly planar distribution of AE hypocentres in 3-D and progressive
fault smoothing. Fault smoothing is likely associated with the forma-
tion of zones of localized slip. These zones, which form after as little
as 1-3 stick-slip events, were also observed in post-experimental
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Table 3. Overview of off-fault activity and AE rate for the four experiments. y: off-fault activity exponent, y aye:
average power-law exponent and standard deviation for all ISPs except the initial ISP, y ¢orr: power-law exponent
corrected for hypocentral uncertainty, p-value: goodness-of-fit of estimated y-values, computed by Monte Carlo
resampling, of the modelled distributions and comparing them to the observed distributions (Clauset ez al. 2009).
Within the scope of this study, we consider a power law a valid hypothesis for p-values above 0.10. Naog: total
number of AE events, Nap s~ !: number of AE events per second.

Sample 14 Yave Y corr

1

p-Value  Nag Nags™'  Nisp  Nssp

WG04 3374015 3.45+£0.14 3.06£0.14
WGO05 1.84 £0.10 191 4+0.08 1.8440.08
WG07  3.194+£0.12  327+£0.04 292+£0.08
WG08  2.58£0.17 2.544+0.09 2.4440.08
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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). ¢): 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 WGO5 deviated from the other three experiments by
showing consistently low y-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 WGO5 (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 y-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 y for experiments on rough saw-cut surfaces.
We compare these results with values of y ., from initial ISPs of the
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Figure 11. Compilation of off-fault activity exponents corrected for hypocentral uncertainty (y 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 y ¢orr-values
during initial ISPs; round, coloured symbols are average y-values; and the small coloured markers show y 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 x 107>MPa~!). The fractured surface experiments evolve towards slightly lower peak stresses and higher y values
with successive stick-slip events (coloured ellipses and arrows), except for experiment WGOS5. 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 WGO5, can be described by a negative, lin-
ear relationship between y ., and o, (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 y..-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 y ., 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 WGO0S5 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 y 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 ef 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 y =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 y = 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

$TOZ '/ 8unC uoeluio}ifed usyinos Jo Alun e /ﬁJO'S|BUJI’]O[pJOjXO'![ﬁ//:dllq wio.j papeojumoq


http://gji.oxfordjournals.org/

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 y-values including high values of up to y = 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 CONCLUSION

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 oft-
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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SUPPORTING INFORMATION

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 (dur) used to project the AE events into
the corresponding fault coordinate systems.

Figure S5: Changes in fault angle (u¢) 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 y (http://gji.
oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggu074/-/DC1).
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