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Summary

Fault zones contain structural complexity on all scales. This complexity influences fault mechanics including the dynamics of large earthquakes as well as the spatial and temporal distribution of
small seismic events. In nature, incomplete earthquake records, unknown stresses, and unresolved
fault structures within the crust complicate a quantitative assessment of the parameters that control seismicity. To better understand the relation between structure and seismicity, we examined
dynamic faulting under controlled conditions in the laboratory by creating saw-cut-guided natural
fractures in cylindrical granite samples.
The resultant rough surfaces were triaxially loaded to produce a sequence of stick-slip events.
During these experiments, conducted at GFZ Potsdam in collaboration with Prof. Georg Dresen’s
lab, we monitored stress, strain and seismic activity. After the experiments, fault structures were
imaged in thin-sections and using computer tomography. The laboratory fault zones showed many
structural characteristics observed in upper crustal faults including zones of localized slip embedded in a layer of fault gouge. Laboratory faults also exhibited a several millimeter wide damage
zone with decreasing micro-crack density at larger distances from the fault axis.
In addition to the structural similarities, we also observed many parallels between our observed distribution of acoustic emissions and natural seismicity. The acoustic emissions followed
the Gutenberg-Richter and Omori-Utsu relations commonly used to describe natural seismicity.
Moreover, we observed a connection between along-strike fault heterogeneity and variations of
Gutenberg-Richter b-value. As suggested in many natural seismicity studies, areas of low b-value
marked the nucleation points of large slip events and were located at large asperities within the
fault zone that were revealed by post-experimental tomography scans.
Besides the spatial variations in b-values, we investigated the relationship between b-value and
cyclical stress changes over many stick-slip cycles. During the inter-slip periods, we observed decreasing b-values throughout most of the cycles. After the slip events, b-values increased abruptly
and seismic moments were comparatively low. b-values and differential stresses showed an inverse

linear relationship with deviations from linearity especially at low stresses. Our observations support a connection between b-value variations and stress but also highlight the importance of spatial
and temporal scales when attempting to link b-value variations to physical mechanisms like stress
variations and structural complexities.
Our results emphasize the importance of stick-slip experiments for the study of fault mechanics. The direct correlation of acoustic activity with fault zone structure and stress is a unique
characteristic of our laboratory studies that has been impossible to observe in nature.
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Results

It is generally accepted that natural fault zones can only partially be described by planar, frictional interfaces and should rather be considered as complex zones of deformation. Most previous
laboratory studies investigated sliding characteristics and frictional properties of planar material
interfaces. Our experiments focused on mechanical properties and structures of faults that develop
from saw-cut guided, natural fracture surfaces, thus providing the opportunity to study naturallycreated fault complexity. Furthermore, our experiments produced a series of stick-slip events under crustal stress conditions, thus enabling us to study the mechanical and seismic consequences
of early stages of fault evolution.
Within the scope of this report, we describe the observed similarities between laboratory experiments and nature. There are parallels in fault structure and off-fault damage generation, which
can be tied to observed acoustic emission statistics; those show temporal and spatial clustering
analogous to natural seismicity. We consider changes in fault structure with successive stick-slip
events, which can be assessed by systematic changes in the spatial distribution of acoustic emissions. Lastly, we elucidate the relationship between b value and cyclical stress variations observed
over several stick-slip cycles.

2.1

Structure of laboratory fault zones [Goebel et al., 2013b]

To examine parallels between laboratory experiments and natural faulting, we monitored fault development starting from an incipient fracture surface. After the completion of an experiment, we
analyzed micro-structures based on fault parallel and orthogonal thin-sections of multiple specimens. Sample fracture and successive stick-slip events resulted in damage creation that led to the
formation of distinguishable structural features. The center of the faults were generally marked by
a gouge layer containing larger clasts and localized zones of fine-grain material (Figure 1c). The
clasts show strong size variations (from ∼ 5–500 µm) due to varying stages of grain comminution
and spatially heterogeneous strain accumulation within the fault zone.
Analogous to models of natural faults, we sub-divided our laboratory fault-structures into three
major zones: 1), a fault core with strongly varying width between 0.3–1 mm that contained clasts
of variable grain-size and several zones of localized slip with very fine-grained material (> 20 µm);
2), at larger distance from the fault axis, we observed a zone of enhanced damage and microcracking. This damage zone was characterized by grain boundary cracks, inter- and transgranular
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cracks, as well as the removal of grains from the edge of the damage zone and subsequent assimilated into the gouge layer. Many of the larger flaws within the fault core and transitional damage
zone showed a preferred, low-angle (< 30°) orientation with regard to the fault axis. These cracks
exhibited extensional and shear components, similarly to the observations of Riedel-shears (Figure 1b) and joints in nature. Lastly, 3), a gouge layer and damage zone were embedded into the
country rock which appeared largely undamaged within the thin-sections.
We analyzed the density of micro-cracks at increasing distances to the fault axis. Micro-crack
densities were generally highest close to the fault core and decreased with large fault normal
distances. This suggests that most of the damage is caused by deformation processes within or
at the edge of the fault core and that these processes result in pervasive damage creation even at
distances of several millimeters. Additional to the fault core related damage zone, we observed
secondary zones of increased crack densities around larger flaws within the transitional damage
zone. Areas at large distances (> 1.7 mm) from the gouge/damage zone interface showed little
to no visible damage in thin-sections. The connected AE activity, however, which was largest
close to the fault axis and decreased with larger distances, extended out to ∼ 15 mm indicating the
prevalence of micro-cracking.

2.2

AE distributions in time and space [Goebel et al., 2012, 2013b]

Besides the micro-structural analysis of thin-sections, we examined the structure of faults in postexperimental X-ray computer tomography (CT) scans. CT-scans, which image density contrasts
between pore-space and the rock-matrix, show a range of deformation induced features. These
features include preferred zones of slip highlighted by black, linear zones as well as high AE
activity and anastomosing, secondary cracks within a broader damage zone. The previously observed gouge layer was not clearly identifiable. However, we could determine the width of the fault
damage zone outlined by the anastomosing crack network. This width varied between 1.5 mm to
4.5 mm, similarly to observations in thin-sections. AE hypocenter locations, which were generally guided by the fault orientation, clustered within this area. These AE clusters showed relatively
larger magnitudes at higher stresses closer to failure. This highlights the close connection between
fault structure and AE activity during loading and stress increase on our laboratory faults. Thin
parts of the fault zone locally intensify loading stresses which would explain the relatively large
AE activity and event magnitudes in this area [Goebel et al., 2012].
Besides the spatial variations of the AE activity, we also observed systematic temporal changes
in AE rates associated with slip events. AE event rates were comparably low before, and showed
a sharp peak at the onset of slip events which was followed by a gradual decrease over several seconds. The onset of slip was also connected to persistent, large-amplitude AE waveforms,
which led to a ∼ 5 ms long saturation of the recording system. Even though these waveforms
appeared mostly clipped, their first-arrival-times enabled an accurate determination of slip onset
times and locations of slip nucleation patches. After ∼ 5–10 ms, individual AE events could again
be recorded and located. The AE activity decayed with time after the slip onsets and reached the
pre-failure level within ∼ 10–20 s. These AE events were identified as aftershocks. AE aftershock
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rates decayed rapidly within the first few seconds after a slip event and then more gradually over
the next ∼ 20 s. This behavior could be described by the Omori-Utsu relationship.

2.3

Fractal dimensions of AE events [Goebel et al., 2013b]

While fault structure could only be assessed directly after completion of an experiment, for example, by using CT-images and thin-sections, AE events provide information about progressing
deformation and can thus be used to monitor changes in the in-situ fault structure. We used the
AE hypocenter locations, specifically, the amount of localization of AEs to assess the changes in
width of micro-cracking and deformation with each successive stick-slip event. To this end, we
computed the fractal dimensions of AE hypocenter distributions (DH ) for each interslip period.
During fault smoothing and fault complexity decrease, we expected AE events to progressively
localize and the fractal dimension should approach values of DH ∼ 2. We conducted three control
experiments on planar surfaces, with pre-defined roughness (Figure 2). These experiments showed
AE distributions with fractal dimensions below 2 in all cases, thus they did not fill the entire fault
plane. Smoother surfaces cause a decrease in DH from 1.82–1.48, compared to rough surfaces.
Following the observed connection between DH and fault roughness, we analyzed variations in
DH with successive stick-slip events (Figure 2b). The fractal dimension decreased systematically
and approached a value of DH ≈ 2 in the interslip period before the 6th slip event. This is indication of AE localization along the fault surface due to progressive fault smoothing. Similarly, the
fractal dimensions decreased with successive stick-slips during the other experiments from values
between DH ∼ 2.5 to DH ∼ 2.0 (Figure 2c), highlighting a generic fault smoothing of incipient
fracture surfaces with successive stick-slip events.

2.4

Stress and b-value [Goebel et al., 2013a]

Within the scope of this study, we investigated variations in b-value and stress over series of
stick-slip events. If b-value is an indicator of stress, we expected to observe a systematic relation
between b and stress during our experiments. Figure 3 shows b-value as a function of normalized
stress (fraction of maximum stress) for six stick-slip events.
Indeed, we observed a relationship between b and stress that was approximately linear above
≈ 55% of the peak stress. Below this value, only few AE events were observed and b-values tend
to show more scatter. This scatter is likely related to AEs that occurred due to the reduction of
pore space at the initial stage of a loading cycle. The scatter at elevated stresses in Figure 3 may be
related to larger fluctuations in b associated with stress complexity especially during the first few
slip events of an experiment. High stress regimes showed a spectrum of b-value characteristics
from a simple continuation of a linear relationship to a succession of b-value jumps, which could
partially be connected to small stress drop events that occurred before large slips. The amount of
increase in b-values after individual stress drops was indicative of the effectiveness of an event to
decrease the stress level on the fault, so that slip events with large stress drops would result in a
larger increase in b-values.
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Our results suggest that the underlying physical processes governing b value variations affect
b values on different time scales and over different fault volumes. Disregarding the importance of
temporal and spatial scales may lead to a loss of physically driven b value variations.
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Conclusion

Thanks to SCEC funding, we were able to document the formation of laboratory fault zones from
incipient fracture surfaces by means of post-experimental fault-structural analysis and through the
analysis of AE distributions. Our laboratory experiments revealed a general connection between
fault structure and seismic event distributions suggesting that fault roughness and heterogeneity
can control both the spatial and frequency-magnitude distributions of seismicity. The observed
structural similarities of laboratory-created and natural fault zones emphasize the relevance of laboratory analog experiments for the understanding of fault formation. Moreover, our experiments
provide insight into how complexity controls physical properties of faults. The spatial clustering
of AEs before slip events is associated with asperity regions. Temporal clustering, i.e. aftershock
sequences, are related to the existence of fault structural complexity. Our results also highlight a
connection between fault roughness and the fractal dimension of AE hypocenters, and suggest that
changes in fault roughness due to successive stick-slip events can induce progressive localization
of AEs. The observed connection between decreasing b-values and increasing differential stresses substantiates previous findings of a b-value-stress dependence [Scholz, 1968; Amitrano, 2003;
Schorlemmer et al., 2005]. Furthermore, it provides an explanation for the observed decrease in
b-value in the source regions prior to large earthquakes [Nanjo et al., 2012]. The analysis of temporal b-value variations provides a possible means to explore the relative stress state of a fault
segment and its position within the seismic cycle. A detailed understanding of temporal b-value
variations is important for intermediate and long-term earthquake forecasting efforts, especially
time-dependent forecast models for hazard assessment.
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Figure 1: Comparison between natural and laboratory fault structures. a) Schematic of natural
fault structure; b) Photographic image of a natural fault zone that contains a gouge layer and
zones of localized slip as well as Riedel shears within the gouge layer; c) Microscopic image of
post-experimental thin-section of a laboratory fault zone. The fault zone shows slip localization,
a gouge zone and off-fault damage. Larger cracks within the off-fault damage zone exhibit a
preferred orientation with respect to the principal slip zone similar to Riedel shear structures in
nature [modified from Goebel et al., 2013a].

7

Figure 2: Changes in the AE hypocenter distributions (described here by their fractal dimension)
with successive stick-slip events. a) Fractal dimension of AEs recorded during loading of planar
surfaces with pre-defined roughness. b) Number of AE event pairs within increasing radii and
corresponding fractal dimension computed from the linear part of the distributions. c) Changes in
fractal dimension with successive stick-slips for all experiments. [See Goebel et al., 2013a, for
details].
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Figure 3: b-values drop closer to failure and show an inverse, linear relationship with the differential stress. Depicted are results of all six stick-slips of experiment W5, normalized according
to the maximum stress. The markers are colored according to the normalized time to failure (tfail )
and the marker symbols indicate individual stick-slip sequences. The curved dashed lines are the
95% confidence bounds of the regression line, and the vertical dashed line shows the 55% limit
of the maximum stress used for the linear regression. The horizontal error bars show the extent of
the stress window from which AEs were used for b-value computations. The vertical error bars
are the standard error in b. For the linear regression using 1200 AE events for each b-value, we
determined Pearson’s r of −0.84 which was significant at a 99% level. [For details, see Goebel
et al., 2013b].
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