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Abstract 

The distributions and magnitudes of seismicity within fault systems could be highly 

influenced by the heterogeneity of shear stress field according to the geometric structure, 

fractures and asperities. However, the statistics of earthquakes has been well-

demonstrated to follow a robust frequency-magnitude relation (i.e., Gutenberg-Richter 

relationship) and the slope of which (i.e., b-value) was noticed to decrease within or near 

the rupture region before large earthquakes (M ≥ 5). To investigate the underlying 

physical mechanism, we conducted triaxial deformation experiments with stick-slip 

sequences along rough faults, during which we recorded the acoustic emissions (AEs) 

accompanying with the crack formation in rock and measured p-wave velocity 

periodically for 2-D tomography along the fault. The present work analyzes the potential 

connections between the fault topography, which is revealed by X-ray computer 

tomography (CT) images and white-light profilers, and the spatial distribution of AE 

hypocenters, moment release and b-value along the fault. We found that the slip events 

tended to nucleate within or in the proximity of a region that had consistently limited 

foreshock activities (i.e., an “AE gap” region) during the stick-slip cycles and the “AE 

gap” region also showed a spatial correlation with the structural asperity on the fault 

surface. As for the b-value analysis, we computed an average b-value of 1.14 based on all 

AEs occurred in the experiments and observed a spatial anti-correlation between the AE 

clusters and the anomalously low b-value region. In addition, all ten slip events were 

found to initiate within or near regions with high moment release, and seven of them 
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were observed to correlate with low b-value patches. In terms of the velocity structure, 

we observed a horizontal boundary at the middle of the fault plane (higher p-wave 

velocity in the bottom half of the fault plane) and a “velocity-increase” region that 

underwent velocity increase upon slips. However, a higher-resolution velocity structure is 

required to reveal more velocity heterogeneities on fault and in turn gain further insights 

into the analysis of the b-value - stress relation. 
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1 Introduction 

Earthquake nucleation and propagation generally occurs along a pre-existing fault, it is 

therefore highly influenced by the frictional properties and the structure of faults. Scholz 

(1998) suggested that many earthquake behaviors could be explained by the frictional 

behavior on faults, such as the stick-slip instability, the transition between aseismic and 

seismogenic zone. However, the heterogeneity of shear stress accumulation on faults 

complicates earthquake behaviors and gives rise to a big challenge for predicting 

earthquakes. The size of earthquake populations has been found follow a robust power-

law distribution, known as the Gutenberg-Richter relation, the slope of which (i.e., b-

value) tends to decrease prior to major slips in natural and laboratory environments 

(Gutenberg and Richter, 1994; Tormann et al., 2015; Goebel et al., 2012). With the 

difficulty in obtaining accurate information of in-situ shear stresses, scientists started to 

consider b-value as a possible tool in earthquake prediction and hazard analysis. This 

study aims to investigate possible spatiotemporal relations between b-value and shear 

stress magnitudes based on acoustic emissions (AE) populations that occurred along a 

fault in the laboratory. 

1.1 Significance of this project 

The slope of cumulative frequency-magnitude relation (i.e., b-value) has been believed to 

correlate with shear stress magnitude acting on faults for decades, which gives rise to the 

idea that carefully monitoring of this parameter could help to indicate regions where 

shear stress has accumulated and potentially lead to the initiation of large earthquakes. In 

particular, relatively low b-value is suggested to be correlated with high stress magnitude 



2 

 

from observations of natural earthquakes and laboratory acoustic emissions, which could 

be potentially reasonable if both happen simultaneously along strongly seismically 

coupled regions. However, the underlying physical mechanism that could relate a 

statistical parameter such as the b-value to the fault shear stress magnitude remains 

unclear. The challenge in giving physical explanations to such correlations are, amongst 

others, lack of high-resolution data of in-situ stresses and missing theoretical framework 

connecting these two parameters. To illustrate, unlike deformational processes that could 

be clearly revealed by global positioning system (GPS), the evolution of stress 

magnitudes in connection with tectonic movements is difficult to measure and monitor 

over time. On the other hand, natural and laboratory observations suggest the b-value 

decreases before major slip events leading to the idea that b-value could become a 

measure of stresses and even be applied as a ‘stress meter’ (Schorlemmer and Wiemer, 

2005). Through laboratory stick-slip experiments and monitoring of AE events, it is 

possible to track b-value variation along a single fault zone and compare it with the 

distribution of other parameters, such as AE density, moment release, and p-wave 

velocity. 

In order to investigate the underlying physical mechanism, ultrasonic p-waves were 

recorded during stick-slip experiments and 2D p-wave tomography along faults were 

conducted. Given the well-defined theoretical relationship between rock velocity and 

stress, the former could play a role in bridging the b-value and stress if the velocity 

structure shows correlations with spatial and/or temporal b-value distribution. For 

example, according to Holt et al. (1997), the main physical process that is responsible for 
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stress dependence of velocity could be the opening and closure of fractures, especially in 

brittle rocks. In that case, high-resolution velocity structure is important for revealing 

microcracks in rocks and might show some correlation with seismicity clusters, or even 

with the b value distribution. Therefore, 2D tomography along the fault plane might help 

to provide additional mechanical insights into the validity and explanation of the b-value 

- stress correlation.  

Nowadays, high-quality seismicity records and high-resolution b-value imaging 

techniques make it possible to resolve b-value distribution at plate interface without 

losing local structures (Tormann et al., 2015). For example, regions with low b-value are 

observed overlapping with the rupture plane of several large earthquakes, such as the 

2011 M9 Tohoku-oki earthquake, 2004 M6 California earthquake, and M7.4 1999 Izmit 

earthquake (Nanjo et al., 2012; Schorlemmer and h, 2005; Westerhaus et al., 2002), 

which apparently suggests that decreasing b-values before major earthquakes are 

attributed to the larger stress accumulation at those locked patches during the interseismic 

period. However, according to a recent research presented by Tormann et al. (2015), b 

value around the slip area of Tohoki earthquake has already recovered to its average level 

just 4 years after the mainshock, which is unlikely to have simply resulted from the rapid 

stress recovery. In order to investigate the physical mechanism underlying the apparent b-

value-stress correlation, we conducted laboratory stick-slip experiments that monitor AE 

statistics and stress variations combined with velocity structure on faults, which not only 

might benefit the earthquake prediction and hazard analysis, but also could deepen the 

understanding of the fundamental mechanisms during seismic cycles. 
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1.2 Gutenberg-Richter relationship 

The Gutenberg-Richter relationship is one of the most robust relationship describing the 

statistical characteristics of earthquakes, which is defined as below (Gutenberg and 

Richter, 1944): 

𝐥𝐨𝐠𝟏𝟎 𝑵(𝑴) = 𝒂 − 𝒃𝑴                                                       (1) 

where 𝑵 is the number of events with magnitude equal to or larger than 𝑴 occurring in a 

given time and region, and  𝒂 , 𝒃 are constants.  

Many laboratory studies and theoretical models have been investigated to establish 

how the b-value change with the damage evolution in stressed rocks. High-frequency 

elastic waves (i.e., acoustic emissions) are radiated with the propagation of 

microfractures during the deformation of rock in laboratory, of which the frequency 

magnitude distribution (FMD) are observed to be similar to natural seismicity obeying 

the above equation (1) (Mogi, 1962a). In particular, Mogi (1962b) suggested a positive 

correlation of 𝒃 with material heterogeneity in rock failure experiments. Moreover, 

Scholz (1968) demonstrated that 𝒃 tends to decrease with increasing deviatoric stresses, 

which was found only occurring during the strain hardening phase before dynamic rock 

failure (Meredith et al. 1990). Given the self-organized criticality of crack distribution, 

Aki (1981) was the first to give a theoretical basis for the laboratory observations 

showing that b value was proportional to the fractal dimension, which was afterward 

found to be inversely dependent on the stress intensity factor (Meredith & Atkinson, 

1983). By assuming a fractal population of cracks, Main et al. (1992) finally came up 

with a model which characterize the damage process with a mean energy release rate 
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depending on the stress, AE rate and b value, which in turn confirms the previously 

experimental observations.  

In general, b-value of seismicity in earth’s continental crust are found near unity; 

even so, some significant deviations could be revealed with careful spatial b value 

mapping. Past studies have shown that low b-value anomalies were observed in areas 

with larger tendency to slip, for instance, around rupture region of major earthquakes 

(𝐌 ≥ 𝟓. 𝟎)(e.g., Nanjo et al., 2012; Schorlemmer and Wiemer, 2005; Westerhaus et al., 

2002), or stress-concentration asperities (e.g., Geobel et. al 2012; Wiemer & Wyss, 

1997). On the other hand, high b-value are reported to be associated with regions of high 

pore pressure or low differential stresses (Wiemer & Wyss, 2002; Bachmann et al., 2012) 

and creeping fault (Amelung & King, 1997). Recently, Scholz (2015) proposed a 

universal equation characterizing the inversely linear dependence of b value on the 

differential stress in both continental and subduction environments, which combined with 

above observations suggest that b-value mapping could be useful to investigate the 

crustal stress heterogeneity and formulate forecasts of major earthquakes. 

Although spatial low b-value anomalies have been considered significant in 

forecasting, whether temporal b-value variation can help in seismic forecasting or not 

remains controversial, which might be partially resulting from the lack of long-term 

earthquake recordings. A study conducted by Parsons (2007) suggested that the transient 

b-value along the Calaeras fault were poor forecasters at least for 𝑴 ≥ 𝟒 earthquakes. 

However, others observed the decrease in b-value prior to the major slip in both natural 

and experimental conditions and view it as a possible precursor (Enescu and Ito, 2001; 
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Geobel et al., 2013). This controversy emphasizes the importance of understanding the 

physical mechanism underlying the b-value variations as well as the careful assessment 

of the b-value forecasting ability.  

1.3 Laboratory experiments analogous to natural earthquake 

mechanisms  

Brace and Byerlee (1966) first demonstrated the similarity behind the shallow-focused 

earthquakes (<25 km) and the stick-slip during frictional sliding along faults. To 

illustrate, they found rocks tend to slide along pre-existing faults displaying stick-slip 

behaviors, which relates to the sudden energy release and stress drop during earthquakes. 

Subsequently, the rate-and-state friction laws obtained from experiments has been 

successfully applied to explain many seismic observations (Dieterich, 1978; Ruina, 

1983). Also, the laboratory-scale faults have been well-studied showing structural 

similarities to natural faults in the upper crust and the statistical features of experimental 

AEs and natural seismicity were found to be consistent (Amitrano and Schmittbuhl, 

2002; Geobel et al., 2012). High-frequency (10 MHz) AEs recorded in triaxial 

compression could be associated with the initiation and propagation of microcracks, 

especially during the pre-failure stage where AE hypocenters underwent an increase in 

number and concentrated along the fault (Lockner, 1993). Compared to the records of 

natural seismicity, AE activities and the deformation along laboratory fault could be 

monitored with increased precision and processed with high-resolution X-ray computed 

tomography (CT) images, which enables us to analyze the velocity distribution, 
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microscale fracturing and stick-slip initiation point with respect to the micro-structures in 

the rocks (Lei et al., 2004). For example, with the help of CT scans, the cluster of AE 

hypocenters were found to be associated with the stress concentrators along the fault, 

such as the inflection points or the joint section of a secondary fault, which formed 

barriers to fault slip and was suggested to be related with locked patches in natural faults 

(Thompson et al.,2009). Therefore, AE analysis during stick-slip sliding combined with 

CT images gives rise to a powerful tool for studying the mechanical process leading to 

the dynamic instability in laboratory and could be applied qualitatively to the field-scale 

rupture nucleation. 

Through compression test on faults undergoing stick-slip sliding, the major slip 

events were generally associated with dramatic increase of AE rates as well as the 

gradually decrease of b value (Main et al., 1989; Meredith et al., 1990; Geobel et al., 

2013). As the stress accumulates and release during slip events, b-value was observed to 

gradually decrease and then rapidly recover after slips, which is consistent with the 

suggested inverse correlation between b-values and stress magnitudes (Figure 1). In 

addition, according to Geobel et al (2012), AE magnitudes and locations reveal a spatial 

correlation between low b-value regions and nucleation site of the major slip event, 

which is also similar to what has been observed for natural earthquakes (Figure 2). 

However, as discussed in 1.1, the variation in seismic b-value likely results from multiple 

physical process not necessarily restricted to the stress magnitude itself (e.g., 2011 M9 

Tohoku-oki earthquake). In that case, b-value could be considered as a proxy that 

represents certain stage of faults with respect to the seismic cycle.  
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Figure 1: Figure from Geobel et al. (2013) displays the temporal correlation of b value and stress 

magnitude during stick-slip experiments 

 

Figure 2: Figure from Geobel et al., (2012) displays the spatial correlation of b value and the 

hypocenter of a macroscopic slip event (red star) during stick-slip experiments 

This study will focus on the spatiotemporal b-value evolution via continuous AE 

records and ultrasonic velocity measurements of a rough fault during stick-slip 

experiments. In particular, AE hypocenter location will be applied to reveal the micro-

fracturing process and the nucleation points of slip events combined with high-resolution 

CT images of post-slip faults. Also, AE size distribution will be analyzed to monitor b-
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value variations and moment release evolution. Furthermore, the spatial distribution of b-

value, moment release, and the AE density will be presented to investigate whether 

possible connections between those parameters exist, as well as the relation between b-

values and stress. Finally, velocity structure along the fault will be inverted during stick-

slip cycles to analyze its possible relation with the b-value distribution.  

2 Experimental setup 

2.1 Experimental procedure 

The experiment was conducted using the triaxial deformation equipment with AE system 

at GFZ-Potsdam, Germany, in which the stress magnitudes were close to that of natural 

faults. It started with an intact cylindrical Westerly granite sample (100 mm length, 40 

mm diameter) and consists of three main procedures. Firstly, two notches were cut on 

both sides of the rock at 30° to the sample axis to control the position of the fault plane 

(dark green parts in Figure 3 right), which prevents the damage of AE sensors and 

improves the reproducibility of the results. Secondly, a rough fault was generated by 

maintaining confining pressure at 75 MPa and raising axial load until rock failure. 

Finally, the fault was locked by raising confining pressure to 150 MPa and multiple stick-

slip events were induced by successive axial loading during this stage (10,000 -15,000s 

period in Figure 4).  

2.2 AE setup and data collection 

Sixteen piezoelectric transducers (i.e., AE sensor) were glued to the sample surface, all of 

which could be used as transmitters and receivers. In particular, instead of evenly 
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distributing around the specimen surface, twelve of them were located ~10 mm below the 

predicted circumference of the fault plane (blue circles in Figure 3 right), which 

constitutes a configuration so that the ultrasonic velocity structure along the fault could 

be tracked during the stick-slip events. During the test, 132 ray paths among those 

sensors were transmitted and received periodically every 10 seconds, which makes it 

possible to invert for the p-wave velocity structure in each cycle and to monitor the 

change of tomographic results along the fault upon each stick-slip event. Of the 

remaining 4 AE sensors, two were placed inside the piston to measure the load-parallel 

velocity, and the other two were positioned off-fault in order to improve the fault-normal 

resolution of AE locations. Since most AE events occurred near the fault zone, this 

skewed AE sensor distribution does not sacrifice the ability of locating AE sources. 

 

Figure 3: Experimental setup left: sample with AE sensors in a tomography configuration right: 
Sample geometry. The black eclipse represents the major failure plane and the two darker patches at 

the tips display the position of pre-cut notches. 
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Two types of waveforms were recorded by AE sensors in the tests: active ultrasonic 

waves emitted by sensors and passive signals accompanying with the micro-cracking 

processes. The former was monitored mainly by sensors that wrap around the fault while 

the latter was taken care by all sixteen sensors. Every 10 seconds, all AE sensors become 

active ultrasonic sources one by one 3 𝒎𝒔 apart from each other so that the p-wave 

speeds along 132 ray paths could be measured periodically in the experiments, which 

enables the monitoring of velocity changes between the stick-slip events. Each AE 

waveform has a trace length of 102.4 𝛍𝐬 with the sampling rate of 10𝑴𝑯𝒛. Since the 

active measurement of the velocity is completed within 0.05 s, the remained 9.95 s could 

be spent in listening to the AE events associated to the fracture-growth in the specimen.  

 

Figure 4: Preliminary results of sample TOMO3 shows the stress conditions and AE rate associated 

with characteristic stick-slip events (marked by red dashed lines) 

In this study, results from three stick-slip experiments (TOMO3, TOMO4 and 

TOMO5) will be presented and discussed. The first two tests basically follow the same 
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experimental procedure as discussed in 2.1 and the only difference between them would 

be the number of stick-slip events: 6 events for TOMO3 and 4 events for TOMO4, while 

TOMO5 was stopped when the fault was just about to slip (Figure A.1 and Figure A.2 in 

the Appendix), judged based on the peaking of the axial load with time. The basic 

information about the three experiments is displayed in Table 1 

Table 1 Summary of basic information of experiments 

Sample ID TOMO3 TOMO4 TOMO5 

Number of 

stick-slip events 
6 4 0 

Number of 

successfully-

located events 

1265973 990833 611729 

Number of 

low-residual 

events (<= 5 mm) 

746103 550901 344807 

Number of 

active ultrasonic 

cycles in 

experiments 

1533 2230 1350 

 

3 Methods 

3.1 AE waveforms and locations 

Since two types of AE waveforms (e.g., active ones for velocity measurements and 

passive ones accompanied with crack growth) were recorded during the test, we 

performed different methods to detect the arrivals according to their features. For 

example, because the active ultrasonic waves emitted by a sensor share similar shape as 
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the first cycle of the record, we applied cross-correlation between the manually-picked 

template waveforms and the active records to automatically pick the arrivals. However, 

for the passive AE records that radiated from within the rock which have distinct 

waveforms, we detected the arrivals using Akaike information criteria (AIC) algorithm, 

based on which we could in turn determine the hypocenters. 

 The AE hypocenters were estimated based on several assumptions: (1) the velocity 

structure of the specimen is isotropic at the beginning of loading (600 - 1000 s) and 

becomes transversely isotropic during the test; (2) the ray paths of p-waves are straight 

lines. The AE sources were determined using the first arrival times with a simple 

algorithm displayed as below:  

𝐦𝐢𝐧 {𝛟(𝒙𝟎, 𝒚𝟎, 𝒛𝟎, 𝒕𝟎, 𝑻𝒑𝒊𝒄𝒌)}                                                 (2) 

where O(𝒙𝟎, 𝒚𝟎, 𝒛𝟎) represents the initial guess of AE event occurs at 𝐭 = 𝒕𝟎. By 

minimizing the value of the objective function, 𝛟, which calculates the difference 

between estimated and the observed arrival times, 𝑻𝒑𝒊𝒄𝒌, the location of source (𝐱, 𝐲, 𝐳) 

and time of occurrence, 𝐭, could be inverted for until the solution converges with certain 

residual level of 𝛟. The observed arrival times, 𝑻𝒑𝒊𝒄𝒌,  were picked automatically using 

the AIC method, further details of which could be found in Zhang et al. (2003).  

The AE hypocenter determination was repeated with upgraded arrival time picks, 

which were picked using AIC method again within a constrained time window (5𝝁𝒔) 

based on the first AE location, in order to improve the results. Subsequently, instead of 

using information from all sixteen channels, the arrivals from six channels that have the 
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largest amplitudes together with those from channel 13, 14, 15, and 16 were used to 

perform an AE hypocenter location for the third time. This technique aims to improve the 

accuracy of the arrival detection, especially when the pick is largely shifted due to the 

noise. The uncertainty due to the residual in arrival picks retained in the AE locations was 

converted from time (𝝁𝒔) to distance (𝒎𝒎) with the assumption of p-wave velocity of 

5000 𝒌𝒎/𝒔. After three iterations, the number of successfully-located events (i.e., 

located within the sample) decreased about 13.2% but the average uncertainty of location 

has been reduced from 10.3 𝒎𝒎 to 5.5 𝒎𝒎.  

3.2 AE amplitude, b value, and moment release calculation 

An average focal amplitude of each AE event was calculated by the following equation 

(Zang et al., 1998): 

𝐀 = √
𝟏

𝒌
∑ (

𝒓𝒊

𝟏𝟎
𝑨𝒊𝒎𝒂𝒙

)𝟐𝒌
𝒊=𝟏                                                    (3) 

where 𝒌 is the number of channels used in AE location, 𝒓𝒊 is the distance between the 

hypocenter and the 𝒊𝒕𝒉 receiver (mm), and 𝑨𝒊𝒎𝒂𝒙
 is the absolute value of maximum 

amplitude of waveform recorded by the 𝒊𝒕𝒉 receiver. According to Zang et al. (1998), this 

averaged amplitude is computed on a 10 mm reference sphere assuming spherical 

propagation of elastic waves from a point source at the AE hypocenter.  

In this study, the slip events are distinguished from regular AE events by their larger 

amplitudes, abrupt stress drops, as well as longer durations. In addition, similar to the 

relation between the major mainshock and the associated smaller events in natural 

earthquakes, the AE events occurred within certain time period before and after each slip 

are named “foreshocks” and “aftershocks”. Particularly, the “mainshock” is defined as 
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the event with the largest amplitude at the stress drop, which will be further confirmed by 

the typical waveform of a slip event: staying silent at the beginning and increasing 

amplitude sharply at the onset. It should be noted that sometimes the mainshock of a 

large event will last for certain period, therefore, some of the aftershocks might not be 

detected because they were hidden in the coda.  

To obtain the b-value, the relative magnitude (𝑴) of an AE event with amplitude (𝑨) is 

defined in experiment-specific scale as: 

𝑴 = 𝐥𝐨𝐠 (𝑨)                                                              (4) 

The slope of the FMD of a certain catalog of AE events was computed within relative 

magnitude range of [-0.5 1.5], which is determined from the size distribution of all AE 

events so that the fitting range would avoid the detection limit at relatively low 

magnitudes and the waveform saturation at comparably high magnitudes (Figure 5). In 

particular, only near-fault AEs (within the fault zone width of ~𝟏𝟓 𝒎𝒎) with relatively 

small residual (≤ 𝟓 𝒎𝒎) were considered and at least 100 events are required for each 

estimation of b-value to ensure the reliability of results. In addition, the relative seismic 

moment (𝑴𝟎) of experimental events in this research is determined using below formula: 

𝑴𝟎 = 𝟏𝟎
𝟐

𝟑
(𝑴+𝟔)

                                                            (5) 

which is commonly applied to characterize natural earthquake scaling relations.  
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Figure 5: Frequency-magnitude distribution of sample TOMO3. Successfully-located events and 

events with residual smaller than 5 mm are showed by blue and red circle, respectively. The equations 

describe the corresponding linear fit. 

For a detailed spatial AE analysis, AE locations were first projected onto the fault 

coordinate systems using the fault position showed in Figure 3 right. Secondly, AE 

density, seismic moment, as well as b-value were mapped out in 2D with events in the 

proximity of the fault zone with a resolution of 1 mm. In particular, the b-value was 

estimated from the FMD of N events (𝑵 ≥ 𝟏𝟎𝟎) located within two types of sampling 

windows, circle with a maximum radius of 𝒓𝒎𝒂𝒙 = 𝟕 𝒎𝒎 or a square with sides of 

length of 𝑳 = 𝟏 𝒎𝒎. For the AE density and moment release map along the fault, these 

distributions were computed by summing the number and the total (relative) seismic 

moments of the events within the sampling window, respectively. 

3.3 X-ray Computed Tomography (CT) 

The X-ray computer tomography images were acquired at the University of Texas High-

Resolution X-ray Computed Tomography Facility with a resolution of ~30 𝝁𝒎, which 
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enables the visualization of density contrasts in the gray scale 3D volumes. The brighter 

region of the scans corresponds to higher density material, while the fractures are 

displayed as darker region due to their relatively low density. The crack network near the 

fault zone can be displayed clearly by CT scan image at the center of specimen, which 

allows the detailed comparison between hypocenters of AEs and the actual fracture 

position. CT images of post-experiment samples were adjusted by rotating a small angle 

(< 10 °) about the sample cylindrical axis so that the coordinate directions match between 

the CT image and the AE locations. Different populations of AEs (e.g., foreshock, 

aftershock and major slip) were superimposed onto those CT images to gain some 

insights of the micro-fracturing damage growth in the test. 

3.4 Surface height measurements from white-light profiler 

Surface height measurements of the post-experimental fault surface were collected using 

a white-light interferometry system equipped a background light source. As a function of 

the optical path difference, the light intensity data could be automatically processed and 

converted to height information of sample surface. Theoretically, the scanning results 

(i.e., contour of height measurements) have resolutions of ~1 𝒏𝒎 in z-direction and ~12 

𝝁𝒎 in x- and y-direction, but in reality, they might decrease because of large height 

difference on sample surface, intensity contrast due to material heterogeneity, and so on. 

The topography collected using the white-light profilometer allows the visualization of 

roughness, asperities as well as macroscopic fractures on faults, which could be referred 

to when analyzing the AE data and b-value distribution on faults.  

3.5 Tikhonov regularization (Aster et al., 2013) 
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The Tikhonov regularization method helps to stabilize the inverse problem solutions by 

introducing a filter factor to balance the trade-off between residual misfit and model 

norm. For example, for a linear least square problem, the norm of model will generally 

decrease with increasing residual between the model and observation. However, there is 

no point to minimize the residual below the uncertainty of observations. Therefore, to 

avoid being overly biased by the noise, the solution with a limited model norm and 

sufficiently low residual is determined from the so-called “L-curve criteria”. 

In this study, the forward problem could be described by the linear system with a 132 

by n matrix 𝐆, n by 1 vector 𝐦, as well as 132 by 1 vector 𝐝 that contains the velocity 

measurements. In addition, the fault plane was discretized into 27 (𝐧 = 𝟑 × 𝟗) grids to 

obtain a relatively stable resolution, which will be discussed later in the result section. 

3.5.1 Zeroth-order Tikhonov regularization 

Solutions to linear least square problem 𝐆𝐦 = 𝐝 could be obtained by adjusting the 

regularization parameter 𝛂 as follow equation: 

(𝐆𝐓𝐆 + 𝛂𝟐𝐈)𝐦 = 𝐆𝐓𝐝                                                                                  (6) 

Therefore, with zeroth-order Tikhonov regularization the solution could be computed by: 

𝐦𝛂 = ∑ 𝒇𝒊
𝒌
𝒊=𝟏

𝑼.,𝒊
𝑻 𝒅

𝒔𝒊
𝐕.,𝐢                                                         (7) 

The filter factor 𝒇𝒊 is determined by: 

𝐟𝐢 =
𝒔𝒊
𝟐

𝒔𝒊
𝟐+𝜶𝟐                                                                  (8) 

where 𝒔𝒊 represents the diagonal elements of 𝐒 determined from the singular value 

decomposition (SVD) of 𝐆 as 𝐆 = 𝐔𝐒𝐕𝐓.  
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3.5.2 First-order Tikhonov regularization 

Instead of minimizing the norm of the model (𝐦), First-order Tikhonov regularization 

minimizes the objective function which includes a term proportional to the first derivative 

of 𝐦:  

||𝐆𝐦 − 𝐝||
𝟐

𝟐
+ 𝛂𝟐||𝐋𝐦||

𝟐

𝟐
                                                 (9) 

For a one-dimensional model with 𝒏 elements (𝟏 × 𝒏), 𝐋 is a (𝒏 − 𝟏) by 𝒏 matrix shown 

as below: 

𝐋 =

[
 
 
 
 
−𝟏 𝟏 𝟎
𝟎 −𝟏 𝟏

⋯
𝟎 𝟎 𝟎
𝟎 𝟎 𝟎

⋮ ⋱ ⋮
𝟎 𝟎 𝟎
𝟎 𝟎 𝟎

⋯
−𝟏 𝟏 𝟎
𝟎 −𝟏 𝟏]

 
 
 
 

                                          (10) 

By penalizing the first derivative of 𝐦, we tend to we solve the regularized problem the 

preference for a “flat model”.  

In this study, we obtained similar velocity results for both methods and the one 

inverted using First-order Tikhonov regularization will be presented and discussed in the 

result section. 

3.5.3 Residual calculation in reverted results 

The residual matrix of the inverted results was estimated by 𝐫 = 𝐆𝐦 − 𝐝. The average 

residual for each ray path was calculated as the equation below: 

�̅� = √∑ 𝒓𝒊
𝟐𝒏

𝒊=𝟏

𝒏
                                                                (11) 
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4 Results 

4.1 Mechanical Data 

The preliminary data showed in Figure 4 displays the variations of confining pressure, 

axial stress, AE rate, as well as the piston displacement during the triaxial deformation of 

sample TOMO3. The loading curve (blue line), which initiates with a linear stress-time 

relation, shows a large stress drop (𝚫𝛔) associated with the rock failure (red line) in 

addition to six smaller ones related to the stick-slip events (red dashed lines). The stress 

drops of the slip events were between 100 – 130 𝑴𝑷𝒂 and the periods between two 

events were about 600 s. As for sample TOMO4, four slip events were observed after the 

rock failure with 𝚫𝛔 between 92 – 165 𝑴𝑷𝒂 (Figure A.1 in the Appendix) and a 

relatively longer interval (~1600 s). In particular, the first three slips have an average 𝚫𝛔 

of 153 𝑴𝑷𝒂 while the stress drop of the last one is ~92 𝑴𝑷𝒂, which is notably smaller 

and is suspected to be related to additional fracturing process as will be discussed later. 

Although the residual stresses after slips stay basically consistent between events for both 

experiments, the stress magnitudes at the onset of slips followed a gradually decreasing 

trend, which might be linked to the smoothing of the fault surface with successive slip 

events. Finally, the AE rate rise gradually at the strain hardening phase before rock 

failure and increased abruptly before the onset of slip events (gray line in Figure 4). 

4.2 AE waveforms arrival picks and locations 

Two examples of the waveforms (e.g., active and passive AE records) are shown in 

Figure 6 and Figure 7. As displayed in Figure 6, an ultrasonic p-wave was emitted by 
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sensor #1 at 𝒕𝒊𝒎𝒆 = 𝟐𝟓. 𝟔 𝝁𝒔 and received by the rest of the sensors with different delay 

according to their distances from the sender. The shape of the first arrivals are highly 

similar within the same AE sensor pairs. It is therefore possible to detect the arrivals of 

subsequent active velocity measurements via the cross-correlation of the waveforms. On 

the contrary, the passive AE waveforms are inconsistent and the shape and amplitudes of 

the first arrivals were distinct each time. This could be due to many elements, such as the 

relative position of the AE event and the sensors or the magnitude variation between AE 

events. The arrivals of both types of waveform achieved a good detection in most cases. 

 

Figure 6: An example of typical active AE records with arrivals picked using cross-correlation 

method (red cross). The ultrasonic wave was emitted by Sensor #1 at 𝒕𝒊𝒎𝒆 = 𝟐𝟓.𝟔 𝝁𝒔. 
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Figure 7: An example of passive AE records with arrivals picked using AIC method (red cross). 

Figure 8 displays an example of distributions of AE foreshocks located using passive 

AE arrivals projected into the fault plane (Figure 8 (a)) and into the plane normal to the 

fault plane (Figure 8 (b)). There are ~7,500 AEs located occurring prior to Slip #2 of 

sample TOMO3 (300 s before the slip), the distribution of which shows some common 

features shared by the foreshock behaviors of all slip events. First, we observe both AE 

clusters and regions with limited AE events on fault (Figure 8 (a)). Moreover, the slip 

event tended to nucleate near the region with limited AE events, which we referred as 

“AE gap” region in this study. The possible relation between AE locations and slip 

hypocenters will be analyzed in detail later in Section 4.4. Also, the side view of AE 

locations (Figure 8 (b)) emphasizes how the events were constrained near the fault zone 

before the onset of slip events, which agrees with the previous observations and increases 

the reliability of the velocity model applied in the objective function. 
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Figure 8: (a) The AE locations (red points) in foreshock and mainshock of TOMO3 Slip #2 projected 

onto the fault plane. (b) The same dataset of AEs projected onto a plane normal to the fault. The black 

star and blue circles represent the hypocenter of the slip and sensor positions, respectively. The black 

lines indicate the threshold of “near-fault” events. 

4.3 Fault structure seen from CT images 

The CT scans cross-sections through the center of the post-experimental sample enable 

the inspection of fault zone structure. With the introduction of notches, the samples were 

failed naturally with a relatively simple structure, which is a single fault 30 ° clockwise 

from the axial direction. As shown in Figure 9, the fault zone of sample TOMO3 consists 

of a main rough fault plane, a zone of intense fracturing (< 𝟑𝒎𝒎) with some 

fragmentation of dislodged pieces of the host rock, as well as the host rock with several 

small fractures (e.g., the horizontal one near 𝐙 = 𝟎). Although the confining condition is 

identical, the CT images of specimen TOMO4 and TOMO5 demonstrate different 

features of the fault structure (Figure 10). First of all, since sample TOMO5 did not 

undergo successive slip events, its CT scan shows a relatively immature fault structure 

(a) Viewed in the direction normal to the fault plane (b) Side view 
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with numerous microfractures in a relatively symmetrical distribution (Figure 10 right). 

However, as for sample TOMO4 and TOMO3, with continuous grinding due to the slip 

events, the main rough fault developed and displayed a mature structure. In addition, the 

lower half of sample TOMO4 has been separated into three parts (Figure 10 left): two 

triangular pieces on the top and bottom as well as the piece of rock in the middle, which 

we believe might be related to a fracturing that occurred prior to the last slip event based 

on the information of the associated low stress magnitude and the distributions of AE 

locations that will be discussed below. Note that the CT scan of sample TOMO3 is 

slightly blurred compared to the other two CT images because it was scanned in a 

different equipment in GFM, Germany. 

Apart from the distinct fault microstructures, several similarities among those CT 

scans were noticed in terms of the location of slip hypocenters. First, the slip events 

tended to nucleate in the proximity of the fault plane, especially within or close to what 

appear to be asperities on the fault surface (e.g., Slip # 2, 5, 6 of sample TOMO3; Slip # 

1, 2, 3 of sample TOMO4). Since these cross-sections only display the projections of slip 

events on the plane normal to the fault, we need further information about the rough fault 

surface to explore the possible relation between slip origins and asperities. There were 

also several horizontal cracks in the middle of the specimens reflecting some of the 

damage that occurred in the host rock corresponding to off-fault AEs.  
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Figure 9: CT image of central part of the sample TOMO3 after experiments (perpendicular to fault 
plane) and sources of slip events indicating by colored circles. The size of the circle corresponds to its 

amplitude. 

 

Figure 10: CT image of central part of the sample TOMO4 (left) and sample TOMO5 (right) after 
experiments (perpendicular to fault plane) and sources of slip events indicating by colored circles. 

The size of the circle corresponds to its amplitude. 
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To explore possible AE migration during the foreshock of slips, 3000 AEs preceding 

Slip #1 in sample TOMO3 were superimposed on the CT image (Figure 11). The event 

size and timing are described by the varying colors from blue to yellow and the size of 

the circles. As shown in the figure, not a clear trend could be observed of the direction of 

AE sources movement. However, we could find that the region near the slip location (red 

star) has limited events and a relatively sharp contrast of the AE magnitudes, which 

might be linked to other seismic features (e.g., low b-value; high moment release) and 

some structural heterogeneities on fault. In that case, we projected the AE locations onto 

the fault coordinate system and investigated whether these observations were common to 

all events and samples in the next section (Section 4.4.1).  

 

Figure 11: TOMO3 CT image (perpendicular to fault plane) and sources of AEs occurred 300 s 
before slip #1. The size and color of circles corresponds to the magnitude and sequence of events, 

respectively. 
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4.4 AE hypocenters projected onto the fault plane 

In this study, we successfully located all 11 stick-slips (six of TOMO3, four of TOMO4) 

as well as the rock failure (Slip #0) of TOMO5 with uncertainties within 3.5 𝒎𝒎 (Table 

2). To analyze spatial distributions of foreshock activities, we project the “near-fault” 

AEs onto the fault plane coordinate system and only keep those with smaller residual of 

location (≤ 𝟒 𝒎𝒎). In this section, we will discuss the foreshock activities of slips based 

on two AE categories: the 3000 AEs with large relative magnitude and all AEs prior to 

slips (more than 10 thousand events).  

Table 2: Basic information of slip events 

 Time 

(𝒔) 

Residual of location 

(𝒎𝒎) 

TOMO3 

slip 0 7884.8 0.00 

slip 1 10745.9 2.68 

slip 2 11471.5 2.77 

slip 3 12136.9 2.78 

slip 4 12759.7 2.77 

slip 5 13269.1 2.72 

slip 6 13991.7 2.50 

TOMO4 

slip 0 11098.9 0.00 

slip 1 17190.4 3.03 

slip 2 18923.2 2.81 

slip 3 20539.0 2.76 

slip 4 22124.8 3.45 

TOMO5 

slip 0 6329.1 2.33 
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4.4.1 Large-magnitude foreshocks on fault 

Figure 12 shows 3000 AEs that occurred prior to Slip #1 (Figure 12 (a)) and Slip #3 

(Figure 12 (b)) of sample TOMO3, and the color and size of dots represent the size of 

event. One prominent feature of the foreshock behavior is that the stick-slips were 

observed to nucleate close to or within the region with limited AE events, which we refer 

to as an “AE gap” in this study. For example, the region highlighted by red dashed circles 

has limited foreshock activities for both slips. Moreover, large AEs (dark green dots) 

were found to initiate close to the edge of the “AE gap” region. These two features were 

also observed from the foreshocks before the remaining 4 slip events of sample TOMO3 

as well as Slip #1, #2 and #3 of sample TOMO4, which were also consistent with 

observations in the previous section. For Slip #1 of sample TOMO3, most of large AEs 

occurred within the lower half of the fault plane (below 𝐙𝐟 = 𝟎) (Figure 12 (a)), however, 

most large events were observed in the upper half (above 𝐙𝐟 = 𝟎) for the all five 

following slip events (Figure 12 (b)), which we think is because the fault surface was 

rough and immature at the beginning of the stick-slip stage. Similarly, as for sample 

TOMO4, most of large events were initiated within the lower half of fault plane and the 

“AE gap” was also observed in the lower half (Figure 13).  
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Figure 12: Thirty hundred foreshocks prior to Slip #1(a) and Slip #3 (b) of sample TOMO3. Both size 

and color of dots indicate the size of AEs. The red stars represent the corresponding slip hypocenters. 

The region circled by red dashed lines is identified as “AE gap” of sample TOMO3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) TOMO3 Slip #1 (b) TOMO3 Slip #3 

(a) TOMO4 Slip #1 (b) TOMO4 Slip #2 

(c) TOMO4 Slip #3 (d) TOMO4 Slip #4 
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Figure 13: Thirty hundred foreshocks prior to all slips of sample TOMO4. Both size and color of dots 

indicate the size of AEs. The red stars represent the corresponding slip hypocenters. The region 

circled by red dashed lines is identified as “AE gap” of sample TOMO4. 

4.4.2 AE density distribution on fault 

To display the AE density distribution on the fault clearly, we discretized the fault plane 

with a resolution of 1 𝒎𝒎, after which we colored each grid according to the number of 

AEs occurred within the grid. Figure 14 displays the AE density distribution proceeding 

to all slips of sample TOMO3 (300 s before the slip). The number of foreshocks prior to 

Slip #1 (~20,000) is about 3 times more than that of the rest following slip events 

(~5000), which is also be reflected by the scales on the color bar. Some patches on fault 

have different foreshock behaviors, however, some were characterized by similar AE 

activity before each slip. To illustrate, as shown in Figure 14, the region circled by white 

dashed line has consistently limited AE activities prior to six slips of sample TOMO3 

(i.e., “AE gap”), while the area circled by green dashed line became an AE cluster since 

the foreshocks of Slip #3. In addition, the slips were observed to initiate within or close to 

the region with limited AEs.  
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Figure 14: A comparison of AE density maps based on foreshocks prior to all six slips of sample 

TOMO3 projected onto the fault coordinate system. The black thick line indicates the boundary of 

fault surface and the red stars show the corresponding slip hypocenters. The region circled by white 
dashed line indicates the patch with limited foreshocks (i.e., “AE gap”) while the area circled by 

green dashed line shows the patch that became an AE cluster since Slip #3. The color bar represents 

the number of AEs occurred within each grid. 
 

Similarly, as for specimen TOMO4, we observed an “AE gap” with consistently less 

foreshock activity for Slip #1, #2 and #3 of sample TOMO4 (region circled by white 

dashed line in Figure 15). The circled region had limited foreshocks prior to the three 

slips and moreover, the hypocenter of the slips, indicating by the red stars, were located 

within or in the proximity of the circled region. However, it should be noted that Slip #4 

has a distinct AE density distribution and anomalously more events than the first three 

slips, which should be linked to some specific process occurred between Slip #3 and Slip 

#4. In that case, with information from the CT image of the post-experimental sample, we 
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speculate the second fault of TOMO4 might formed before or upon the onset of the last 

slip event. 

 

Figure 15: A comparison of AE density maps based on foreshocks prior to all four slips of sample 
TOMO4 projected onto the fault coordinate system. The black thick line indicates the boundary of 

fault surface and the red stars show the corresponding slip hypocenters. The region circled by white 

dashed line indicates the patch with limited foreshocks (i.e., “AE gap”). The color bar represents the 

number of AEs occurred within each grid. 

With the consistent observations among slips and samples (e.g., the location of “AE 

gap” and its relation with slip hypocenters), we think the distribution of foreshock AE 

density was possibly related to the roughness variation on fault surface, therefore, we will 

later compare it with the information of surface height measurements, b value and 

moment release maps along the fault to explore some potential connections.  

4.5 Slip events superimposed onto the fault topography 
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To explore possible connections between the fault structure and the AE occurrence, we 

scanned the fault surfaces using a white-light profilometer for samples TOMO4 and 

TOMO5, after which we superimposed the slip events on the contour of height 

measurements.  Figure 16 shows the topography of fault surface of both the lower half 

(left) and the upper half (right) of the sample TOMO4, which should be mirror-negative 

images of each other. For example, the lower area (green region) centered at [-1 1] on the 

left matches the higher area (yellow region) at the same coordinates on the right. Also, 

the asperity at the middle of the lower piece of rock (yellow area centered at [0 -1] on 

Figure 16 left) fits the depression at the corresponding position on the upper piece of the 

sample. In this study, we will be more interested in the lower half because majority of the 

AE sensors were 2ed to the lower half of the sample, which in turn enabled the analysis 

of the velocity structure below the fault surface.  

The slip events of specimen TOMO4 were found to initiate within or in the proximity 

to the large asperity on the lower half of the fault (Figure 16 left). The asperity at the 

middle of fault surface (yellow area centered at [0 -1] on Figure 16 left) was possibly 

loading-bearing which cause the fault to be locally locked. As highlighted by the red stars 

with numbers, Slip #1 – Slip #4 of TOMO4 were observed to nucleate close to the 

asperity edge in the lower half of the sample. The surface roughness of sample TOMO3 

and TOMO5 are displayed in Figure A.3 and Figure A.4 in the Appendix. As shown in 

Figure A.3, the slip events of sample TOMO3 also tended to nucleate at the edge of 

where the surface height suddenly increased (i.e., geometrical asperities). 
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Figure 16: Slip hypocenters (red stars labeled by numbers) plotted on the fault surface of lower half 
(left) and higher half (right) of sample scanned by white-light profilometer. The color bar represents 

the height measurements of fault surface in 𝒄𝒎.  

In particular, since the asperity was broken by a new fault plane that formed due to 

the successive slips, the two parts of asperity might have different feature in terms of the 

seismic behavior. Combining the AE foreshock behavior discussed above, we found that 

the asperity on fault overlaps the “AE gap” identified in the AE density map (Figure 17). 

As marked by the white dashed line, we found the upper part of the asperity had 

consistently less foreshocks prior to slips, while the lower part of the asperity does not 

have this feature, which we think should be related to the AEs generated near the second 

fault accompanying with the crack-growth process.  



35 

 

 

Figure 17: A comparison between the structural information and foreshocks distribution on fault. The 

region circled by red dashed line indicate an asperity on the surface in (a) and an “AE gap” of the 

foreshocks prior to Slip #1 of TOMO4 in (b).  

4.6 b-value, AE moment release maps 

4.6.1 Temporal b-value variation 

Figure 18 shows temporal b-value variation based on the experiment of sample TOMO4, 

which could be considered as a typical example of all tests. In order to maintain the 

reliability of results, b-values were computed for a 1600-event sample window and a 40-

event step size based solely on “near-fault” AE populations with residual smaller than 4 

mm. As shown in the figure, during the stick-slip sliding stage, the axial stress was built 

up gradually prior to and decrease abruptly upon the slip. At the same time, b-values 

were found to decrease gradually with increasing stress and recover rapidly during the 

stress drop. In particular, instead of increasing exactly at the onset of the slip, b-values 

tended to vary slightly prior to some stress drops, could be easily observed from b-value 

variation prior to Slip #3, #4 of TOMO4 and Slip #1, #2, and #5 of TOMO3. 



36 

 

 

 

Figure 18: Temporal b-value variation (blue line) and the axial stress (gray line) during test of 

sample TOMO4 both exhibiting a periodic behavior during the successive slip events but in opposite 

manner. 

4.6.2 AE density, moment release and b-value map 

An example of the AE locations, moment release and b-value distribution based on the 

foreshocks of Slip #6 of sample TOMO3 was shown in Figure 19. The large AE 

populations were located at [Y=0.5 cm, 𝐙𝐟 = −𝟎. 𝟓 𝒄𝒎] and [-1 cm, -0.25 cm] (Figure 18 

(a)), while the region with largest moment release located at [-1 cm, 1.25 cm]. One area 

of relatively low b-value region centered at [0 cm, -0.5 cm] and a second one located near 

the high moment release region at [-0.5 cm, 0.5 cm]. Some possible correlations could be 

observed by a detailed comparison of three maps. Firstly, we found there might be a 

spatial anti-correlation between the largest AE cluster, especially the one without 

anomalously huge moment release, and the low b-value anomaly. For example, the two 

regions with large number of foreshocks (circled by white dashed lines) do not overlap 
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the region with highest moment release, which also avoid the low b-value area. This 

relation between AE clusters and b-values could similarly be observed in the map 

computed from the “foreshocks” of sample TOMO5 (Figure A.15 in the Appendix). 

Secondly, the main shock indicating by stars occurred near a high moment release  

(Figure 19 (b)) region and within a low b value region (Figure 19 (c)). 

 

 

 

 

 
Figure 19: An Example of AE locations, moment release and b-value maps computed based on the 

foreshock activities of Slip #6 of sample TOMO3. The color bars represent number of events, sum of 

moment release in logarithmic scale, as well as the b-value from the AE records within the window. 
The red stars represent the slip hypocenters. The white circle emphasizes the anti-correlation between 

high AE density areas and low b-value regions. 

We compute moment release and b-value maps from the foreshock information of 

other five slips of TOMO3 and the four slips of TOMO4 to investigate the existence of 

above correlations. The high AE densities and low b-value regions were observed to be 

always anti-correlated for most slips (see Figure A.5-A.14 in the appendix). All slip 

hypocenters are within or near a region with anomalously high moment release. In 

addition, five out of six slips of sample TOMO3 were initiated within or near a low b-

value region (Slip #2, #3, #4, #5, and #6 shown in Figure A.6 – A.10 in the Appendix, 

respectively) and two out of four slips of sample TOMO4 were located within or in the 

proximity of a low b-value area (Slip #1 and #2 shown in Figure A.11 and A.12 in the 

Appendix).  
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4.7 Velocity structure along the fault  

In this section, we will discuss the p-wave velocity structure in the footwall side of the 

fault plane in samples (TOMO3 and TOMO4) with a discretization of 𝐧 = 𝟑 × 𝟗  

inverted using Zeroth-order Tikhonov (ZOT) regularization, 𝐧 = 𝟑 × 𝟗, 𝐧 = 𝟓 × 𝟕, and 

𝐧 = 𝟓 × 𝟗 using First-order Tikhonov (FOT) regularization. Figure 20 shows some 

examples of how the grid velocity change with time according to ZOT regularization 

results of specimen TOMO3 (right). The position of those grids is displayed in the left of 

Figure 20. We first observed that the velocity measurements are within a reasonable 

range (4500 𝐦/𝐬 to 6000 𝐦/𝐬), except for those near the rock failure. Moreover, most 

grids underwent large velocity changes at the slip events. In particular, some grids, such 

as Grid #17 and Grid #25, underwent velocity decrease upon slips (velocity-decrease 

region), while others, such as Grid # 14 and Grid #15, had the opposite feature (velocity-

increase region). To conduct a detailed spatial analysis of the velocity changes, we 

colored the cells with two types of velocity information, which are the absolute velocity 

measurements right before the slip event and the velocity changes upon each slip event 

and conducted a comparison among the results of different slip events. 
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Figure 20: Left: Discretization of fault plane(3x9). Gray lines indicate the ray paths. Right: Velocity-

time relation of specific grids numbered on the left plot. The solid and dashed red lines represents the 

rock failure and slip events, respectively. 

4.7.1 A comparison among ZOT and FOT results with different discretization 

The ZOT regularization works well when the number of unknowns in models are small. 

However, we started to obtain unreasonable results in some grids (e.g., negative velocity 

or velocity > 10,000 m/s) with increased number of grids, such as 𝐧 = 𝟓 × 𝟕 and 𝐧 =

𝟓 × 𝟗. With the purpose to obtain reasonable results of velocity structure on fault with 

better resolution, we performed FOT regularization, which has stronger penalty on grids 

with anomalous velocities by minimizing the first (spatial) derivative of the model, and 

obtained velocity structures on fault with a discretization of 𝐧 = 𝟑 × 𝟗, 𝐧 = 𝟓 × 𝟕, and 

𝐧 = 𝟓 × 𝟗. We compare velocity structures at TOMO3 Slip #6 inverted using ZOT (3x9) 

and FOT regularization (3x9, 5x7, and 5x9) in Figure 21 and Figure 22. The former 

displays the absolute velocity distribution on fault right before the onset of Slip #6. We 

observed firstly that the four subplots share some similar patterns. For example, there is a 

horizontal boundary at 𝒁𝒇 = −𝟏 𝒄𝒎, above which could be considered as a low velocity 
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region while the part below it could be regarded as a high velocity region. Secondly, the 

ZOT and FOT results with same number of grids (left two plots in Figure 21) are almost 

the same, which suggests the validity of the tomography results. With increased 

resolution, we could observe more details in the velocity distribution, such as the white 

region at center bottom of the fault plane with velocity of ~5500 m/s. In this study, we 

choose the FOT (5x7) results as the best set of results for two reasons. First, it has 

relatively high resolution and show more features of the velocity structure compared to 

the 3x9 results and less unreasonable results compared to 5x9 results. Secondly, the grid 

shape is rectangular and elongated in the slip direction, which is similar to the area 

covered by the 12 AE sensors around the elliptical fault plane. Therefore, we focus on the 

analysis based on FOT (5x7) results in below sections. The average residual of the 

recovered results is about 0.2 𝝁𝒔. 

Besides the absolute velocity structure, we also computed the velocity change upon 

slip events and compare the results of different methods and discretization (Figure 22). 

The grids colored in red represent the regions underwent “velocity-decrease” and those 

Figure 21: A comparison among TOMO3 velocity structures on fault at time = 13986 s (right before 

the onset of Slip #6) inverted using ZOT and FOT regularization with different discretization. The 

star shows the hypocenter of the slip event and the title of each subplot represents the corresponding 

method and number of grids. The color bar indicates the recovered velocity in each grid. 
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colored in blue indicate the regions underwent “velocity-increase” upon slip events. Most 

of the grids underwent velocity change of ~±200 m/s. Similarly, all four subplots share 

some common patterns, such as the “velocity-increase” region at the bottom half of fault 

plane. With increased resolution, edges of “velocity-increase” region becomes clearer. 

Again, we will represent and discuss the FOT (5x7) results in the sections below. 

 

4.7.2 Velocity structure on fault of specimen TOMO3 

Figure 23 displays the p-wave velocity structure under the fault plane right before the 

onset of slips of specimen TOMO3, which mostly vary between 5000 m/s to 6000 m/s. 

The velocity structure before slip events look very similar to each other. For example, we 

observe a horizontal velocity boundary at 𝒁𝒇 = −𝟎. 𝟓 𝒄𝒎. The top half of the fault could 

be considered as a low velocity region because we observe more red grids here while the 

bottom one could be regarded as a high velocity region. All six slip events nucleated at 

the top half of the fault plane.  

Figure 22: A comparison among TOMO3 velocity structure change upon TOMO3 Slip #6 inverted 

using ZOT and FOT regularization with different discretization. The star shows the hypocenter of the 

slip event and the title of each subplot represents the corresponding method and number of grids. The 

color bar indicates the recovered velocity in each grid. 
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The spatial distribution of velocity change before and after slip events for sample 

TOMO3 are shown in Figure 24, which is also similar for all slip events. The grids that 

consistently underwent velocity decrease (colored in red) upon slips located at [𝒀 =

𝟏 𝒄𝒎; 𝒁𝒇 = 𝟏. 𝟓 𝒄𝒎] and [𝒀 = −𝟏 𝒄𝒎; 𝒁𝒇 = 𝟏. 𝟓 𝒄𝒎], while the horizontal band that 

consistently underwent velocity increase (colored in blue) upon slips located from 𝒁𝒇 =

−𝟎. 𝟓 𝒄𝒎 to 𝒁𝒇 = −𝟐 𝒄𝒎. The hypocenters of slip events do not show an obvious spatial 

correlation with the velocity-change distribution. 

 

Figure 23: The fault velocity structure of sample TOMO3 before the onset of slip events. The black stars 
represent the corresponding slip hypocenters. The color bar indicates the recovered velocity in each 

grid. 
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4.7.3 Velocity structure on fault of specimen TOMO4 

Figure 25 displays the p-wave velocity structure under the fault plane right before the 

onset of slips of specimen TOMO4, which mostly vary between 5000 m/s to 6000 m/s 

except for some grids in Slip #4. Since we recognize from the AE locations that a second 

fault formed at the footwall side before or upon the onset of the last slip event, we 

considered Slip #4 as an “outlier” and will focus on the results of the first three slip 

events. Although there is not an obvious boundary between high and low velocity region, 

the velocity structure before slip events still look very similar to each other. For example, 

there is a high velocity region located at [𝒀 = 𝟎 𝒄𝒎; 𝒁𝒇 = −𝟏 𝒄𝒎] and two low velocity 

patches located at [𝒀 = −𝟏 𝒄𝒎; 𝒁𝒇 = 𝟏. 𝟓 𝒄𝒎] and [𝒀 = −𝟏 𝒄𝒎; 𝒁𝒇 = −𝟏 𝒄𝒎]. All 

slip events nucleated at the bottom half of the fault plane.  

 

 

Figure 24 :  The change in velocity upon each slip event of sample TOMO3. Black stars indicate the 
hypocenters of corresponding slip events. Grids colored blue and red represent velocity-increase and 

decrease regions, respectively. 
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As for the velocity change upon slip events, the distributions do not appear to stay 

similar between slip events, which is probably a result of the small changes that the grid 

velocity underwent upon slips. Most of the grids have velocity change of ~ ± 𝟓𝟎 𝒎/𝒔, 

which is about one fourth of velocity changes seen from TOMO3 slip events. However, 

we observe several grids with consistent velocity changes. For example, there are two 

grids located at [𝑌𝑓 = −1 𝑐𝑚; 𝑍𝑓 = 1.5 𝑐𝑚] and [𝑌𝑓 = 1 𝑐𝑚; 𝑍𝑓 = 1.5 𝑐𝑚] which 

consistently underwent velocity increase upon slips. Also, the velocity near grids at [𝑌𝑓 =

1.5 𝑐𝑚; 𝑍𝑓 = −1 𝑐𝑚] and [𝑌𝑓 = −1 𝑐𝑚; 𝑍𝑓 = −1.5 𝑐𝑚] consistently underwent velocity 

decrease upon slip events. The slip hypocenters are near the edge of “velocity-decrease” 

region. 

 

 

 

Figure 25: The fault velocity structure of sample TOMO4 before the onset of slip events. The black stars 
represent the corresponding slip hypocenters. The color bar indicates the recovered velocity in each 

grid. 
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5 Discussion 

In this study, we explored the potential similarities among the foreshock behavior of stick 

slips and investigated the possible correlations between the structural and seismic 

features on fault. First of all, the slip events tended to nucleate near the fault zone and in 

particular, within or in the proximity of the “AE gap” region, which was characterized by 

limited foreshock activities. The “AE gap” was commonly observed over slips of sample 

TOMO3 and sample TOMO4. This is consistent with the laboratory work conducted by 

Goebel et al. (2012), which identified the asperities as regions with relatively sharp 

contrast in AE activities (numbers and magnitudes) and found the hypocenters of slip 

events to be within or near the asperity. 

To explore possible connection between the “AE gap” and structural asperities on 

fault, we superimposed the slip hypocenters onto the cross-section CT images and the 

Figure 26: The change in velocity upon each slip event of sample TOMO4. Black stars indicate the 
hypocenters of corresponding slip events. Grids colored blue and red represent velocity-increase and 

decrease regions, respectively. 
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topography of fault surfaces. Those images of the post-experimental sample (TOMO4) 

provide information about the geometric heterogeneity of the fault surface, with which 

we found the “AE gap” region defined based on the seismic information overlapping a 

structural asperity at the lower half of the fault surface. However, since the fault structure 

might be perturbed during the processes to expose the fault surface, a volume 

reconstruction of CT slices might be required to better display the bumps and asperities 

on the fault during the sliding stage, and in turn to gain some insights in the heterogeneity 

of the shear stress magnitude accumulation on fault.  

As for the temporal b-value analysis, the entire population of AE events obeyed a 

Gutenberg-Richter relation with an average slope of 𝑏 ≈ 1.14, which is similar to the 

results computed from the FMD of earthquakes. The temporal evolution of b-value 

during the stick-slip cycle was characterized by a gradual decrease before and an abrupt 

increase upon the fault slips. In addition, we observed the increase of b-value started 

slightly before the onset of some slips, such as Slip #3, #4 of TOMO4 and Slip #1, #2, 

and #5 of TOMO3, which might be related to b-value increase after the occurrences of 

some large events before the mainshock (i.e., slip event). According to the “seismic gap 

of the second kind” defined in Mogi (1979), an increase of b-value followed by a large 

event could be related to a local deficiency in moderate seismicity. In that case, it is 

interesting to investigate the b-value evolution at different patches on fault, especially 

how b-value changes with time at the “AE gap” discussed above. 

We mapped out the AE density, seismic moment and b-value distribution on fault 

based on foreshocks of each slip event, one prominent feature of which is the spatial anti-
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correlation between AE clusters and the low b-value regions. The decrease in b-value 

could be a result of a decrease of small events and/or an increase of large events. In 

addition, all slips were found to nucleate within or near a region with anomalously high 

moment release, and most slip nucleation points (seven out of ten) correlated with regions 

with relatively low b-value, which is consistent with the results presented by Geobel et al. 

(2012). Furthermore, the nucleation points of the slip events were observed to be close to 

the edge of the geometrical asperity for both TOMO3 and TOMO4 samples. These 

observations suggest that low b-value patches are regions with a combination of 

relatively smaller number of small AE events (i.e., correlation with AE gap) and larger 

number of large AE events (i.e. high moment release rate). There is also a possibility that 

geometrical roughness of the fault controls the nucleation and the overall statistics of the 

AE events.  

In terms of the velocity structure, we observed a conspicuous horizontal boundary at 

the middle of fault plane for sample TOMO3. The top and bottom half of fault plane have 

average velocities of ~5300 m/s and ~6000 m/s, respectively. Moreover, there is a 

consistent “velocity-increase” region that underwent increased velocity change upon 

slips. Whether it could be connected to other seismic anomalies, such as “AE gap”, low 

b-value, or geometric heterogeneity, such as asperities, remains unclear until we compute 

the velocity structure with higher resolution. Similarly, as a possible bridge between the 

b-values and stress magnitudes, the further analysis of shear stress accumulation on fault 

requires a detailed velocity structure.  
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6 Conclusion 

The acoustic emission and ultrasonic p-wave data recorded during three triaxial 

deformation experiments of notched Westerly Granite samples were presented and 

discussed in this study. During the loading on the rough fault, successive stick-slip events 

were introduced with comparable stress drops. We focus on the seismic information 

computed from the foreshock activities of each slip as well as the geometric 

heterogeneity on fault based on the post-experimental CT images and topography. First, 

the distribution of foreshocks has a consistent “AE gap” region over all slips, and 

moreover, the slip events were observed to initiate within or in the proximity of this 

region. Second, the topography of sample TOMO4 shows a spatial correlation of the “AE 

gap” with a structural asperity. Third, the temporal b-value evolution was characterized 

by the gradually decrease before and abrupt increase upon slip events, which is consistent 

with past studies. Fourth, the spatial distribution of low b-value patches demonstrated an 

anti-correlation with high AE rate clusters. Fifth, the slip events tended to nucleate within 

or near regions with anomalously high moment release and seven out of ten slip events 

were related to low b-value regions. Finally, the velocity structure of sample TOMO3 

right before the slips shows a horizontal boundary at the middle of fault plane, and 

moreover, the velocity change upon slips shows a “velocity-increase” region at the lower 

half of the fault plane. Since the current velocity structure did not show consistent 

correlations with other fault geometry and seismic parameters, a clear interpretation on 

what the velocity and its changes reflect is not provided yet. Further analysis of the b-

value - stress relation requires a more detailed velocity structure with higher resolution. 
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8 Appendix 

 

Figure A.1: Preliminary results of sample TOMO4 shows the stress conditions and AE 

rate associated with characteristic stick-slip events (marked by red dashed lines) 

 

 

Figure A.2: Preliminary results of sample TOMO5 shows the stress conditions and AE 

rate associated with characteristic stick-slip events (marked by red dashed lines) 
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Figure A.3: TOMO3 Slip hypocenters (black stars labeled by numbers) superimposed 

onto the fault surface of lower half of sample computed from CT scans. The color bar 

represents the height measurements of fault surface in 𝑐𝑚. 

 

 
 

 

Figure A.4: TOMO5 Slip hypocenters (red stars labeled by numbers) superimposed onto 

the fault surface of lower half (left) and higher half (right) of sample scanned by white-

light profiler. The color bar represents the height measurements of fault surface in 𝑐𝑚. 
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Figure A.5: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #1 of sample TOMO3. The color bars represent number of 

events, sum of moment release in logarithmic scale, as well as the b-value from the AE 

records within the window. The red stars represent the slip hypocenters. The white 

circles emphasize the anti-correlation between high AE density areas and low b-value 

regions. 

 

 

Figure A.6: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #2 of sample TOMO3. 

 

 

Figure A.7: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #3 of sample TOMO3. 
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Figure A.8: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #4 of sample TOMO3. 

 

Figure A.9: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #5 of sample TOMO3. 

 

 

Figure A.10: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #6 of sample TOMO3. 
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Figure A.11: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #1 of sample TOMO4. 

 

 

Figure A.12: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #2 of sample TOMO4. 

 

Figure A.13: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #3 of sample TOMO4. 
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Figure A.14: AE locations, moment release and b-value maps computed based on 

foreshock activities of Slip #4 of sample TOMO4. 

 

Figure A.15: AE locations, moment release and b-value maps computed based on 

activities prior to the possible slip of sample TOMO5. 
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Figure A.16: Temporal b-value variation (blue line) and the axial stress (gray line) 

during test of sample TOMO3 both exhibiting a periodic behavior during the successive 

slip events but in opposite manner. 

 

 

Figure A.17: Temporal b-value variation (blue line) and the axial stress (gray line) 

during test of sample TOMO5. 

 


