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Abstract

The spectrum of slip modes on gouge-filled faults spans a continuum from fast ruptures to slow slip events. The nucleation of

a certain slip mode is governed by the frictional heterogeneity of fault interface and the rheological fault stiffness. Though the

pattern of mechanical parameter variation and dynamic stability loss during a seismic cycle is quite clear, it is important to

have a unified seismic-acoustic signature of slow or fast slip event nucleation. We present laboratory acoustic emission (AE)

experiments on a slider-model with a precise control of mechanical and AE parameters. A comprehensive analysis of AE activity

points to the presence of two AE subpopulations. One of them manifests as pulses with harsh onsets. The second one exhibits

a gradual amplitude rise and tremor-like signal. The second AE subpopulation shows a longer failure duration and increased

energy dissipation. Regularities of changing the frequency-amplitude characteristics of AE subpopulations during a laboratory

seismic cycle differ. The first AE subpopulation retains parameters of frequency-amplitude distribution, but the second one

exhibits a pronounced cyclic recurrence of the b-value. The latter decreases before slip events and recovers after them. The

detected features of AE subpopulations are common for the entire spectrum of slip modes. Findings reveal a coexistence of

slow and fast modes at the same fault at the micro-scale and point to the unity of underlying physical mechanisms of different

slip mode nucleation.
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The spectrum of slip modes on gouge-filled faults spans a continuum from fast ruptures to slow 11 

slip events. The nucleation of a certain slip mode is governed by the frictional heterogeneity of 12 

fault interface and the rheological fault stiffness. Though the pattern of mechanical parameter 13 

variation and dynamic stability loss during a seismic cycle is quite clear, it is important to have a 14 

unified seismic-acoustic signature of slow or fast slip event nucleation. We present laboratory 15 

acoustic emission (AE) experiments on a slider-model with a precise control of mechanical and 16 

AE parameters. A comprehensive analysis of AE activity points to the presence of two AE 17 

subpopulations. One of them manifests as pulses with harsh onsets. The second one exhibits a 18 

gradual amplitude rise and tremor-like signal. The second AE subpopulation shows a longer failure 19 

duration and increased energy dissipation. Regularities of changing the frequency-amplitude 20 

characteristics of AE subpopulations during a laboratory seismic cycle differ. The first AE 21 

subpopulation retains parameters of frequency-amplitude distribution, but the second one exhibits 22 

a pronounced cyclic recurrence of the b-value. The latter decreases before slip events and recovers 23 

after them. The detected features of AE subpopulations are common for the entire spectrum of slip 24 

modes. Findings reveal a coexistence of slow and fast modes at the same fault at the micro-scale 25 

and point to the unity of underlying physical mechanisms of different slip mode nucleation.  26 
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cycle, Earthquake dynamics. 28 

1. Introduction 29 

The blocky hierarchical structure of the Earth's crust determines its movability and localization of 30 

deformations in interblock zones. Faults and large fractures control regularities of accumulation 31 

and relaxation of the energy of elastic deformation in a blocky massif (Scholz, 2002; Kocharyan, 32 

2016). The dynamics of relaxation processes that are accompanied by slips along faults is 33 

determined by the ratio of the rheological stiffness of the fault to the one of the enclosing massif 34 

(Leeman et al., 2016; Kocharyan et al., 2017). Slip modes observed in nature span a continuum, 35 

given the heterogeneity and complexity of natural systems (Peng, Gomberg, 2010). Different faults 36 

may exhibit just fast slip modes (ordinary earthquakes), or just slow slip modes (low-frequency 37 

earthquakes, slow slip events), or even both fast and slow modes together (Villegas-Lanza et al., 38 

2015; Veedu, Barbot, 2016; Ostapchuk et al., 2019a).  39 

The frictional instability is the most probable mechanism of the entire continuum of fault slip 40 

modes (Schoolz, 2002; Nielsen, 2017). During fault evolution, slip events are triggered when shear 41 

stresses reach the ultimate strength at a local fault segment. In the vicinity of the ultimate strength 42 

the source stays in a metastable state, so that even a slight fluctuation of stress may lead to a loss 43 

of dynamic stability. The transition of a fault to a metastable state is accompanied by a decrease 44 

of the shear stiffness of source zone (Johnson, Jia, 2005; Kocharyan, Ostapchuk, 2011). At present 45 

we cannot measure neither stresses, nor static stiffness 'in situ'. Only indirect manifestations of 46 

fault behavior and earthquake nucleation can be detected (Frank et al., 2016; Scuderi et al., 2016; 47 

Kocharyan et al., 2018).  48 

The laboratory experiment is a reliable tool to verify new hypotheses and assumptions. 49 

Regularities of fault evolution have also been widely modeled in laboratory (Marone, 1998; 50 

Rosenau et al., 2017). AE experiments reproduce qualitatively the main statistical laws that 51 

describe natural seismicity (Gutenberg-Richter law, Omori law, inverse Omori law) (Lei, 2003; 52 



Johnson et al., 2013; Ostapchuk et al., 2019b; Lherminier et al., 2019). There are other qualitative 53 

similarities to natural seismicity – variations of wave propagation velocity, seismic quiescence, 54 

variations of scaling properties of seismicity and others. (Johnson et al., 2013, Ostapchuk et al., 55 

2016; Scuderi et al., 2016). Similarity of recurrent fast and slow earthquakes has been 56 

demonstrated in laboratory experiments (Hulbert et al., 2019). Despite a noticeable progress, no 57 

reliable short-term precursors of slip events have been found so far (Cicerone et al., 2009; Rundle 58 

et al., 2011).  59 

The existing models of seismic activity, describing a certain fault or a source zone, suggest that 60 

earthquake nucleation area is an integrated dynamic system which has a specific property of self-61 

organizing criticality (Turcotte, 1999; De Arcangelis et al., 2016). At the initial stage damage 62 

accumulates at the micro-scale. Further evolution of the system lifts the destruction processes to 63 

higher hierarchical levels, thus, as the stresses approach the critical level, structural changes spread 64 

wider all over the system. The loss of dynamic stability manifests at the macro-scale in the form 65 

of a slip event. The more accurate the methods of detecting small earthquakes are, the more distinct 66 

are the patterns of large earthquake nucleation (Trugman, Ross, 2019). 67 

This work is devoted to investigation of a complex acoustic pattern of simulated gouge-filled fault 68 

evolution. A large number of AE pulses (AEs) can be detected during a laboratory seismic cycle. 69 

Signals of one type resemble classical impulsive earthquakes, while the others are more tectonic 70 

tremor-like. We have shown the difference in their scaling relations. Detecting the AE fine 71 

structure and analyzing scaling characteristics have allowed to reveal specific signs of nucleating 72 

both fast and slow slip events. These results provide a new insight into the seismic event nucleation 73 

and predictability of fast and slow slip instability.  74 

2. Experimental methods 75 

Laboratory experiments were performed on a slider-model. A scheme of the set-up is shown in 76 

Fig. 1. The model fault – a confined granular layer between two blocks – was subjected to external 77 



normal and shear stresses. The moveable granite block (1) 883 cm3 in size was put in the middle 78 

of the granite base rod 2.5 m long and 1010 cm2 in cross section. The contact surfaces of the 79 

block and the base rod were made artificially rough by introducing grooves 0.8-1.0 mm deep. The 80 

contact gap between the block and the base was filled with a granular material (3). Mixtures of 81 

different granular materials were used as fillers. All fillers are listed in the Supplementary Material. 82 

Their structural properties determined realization of a certain slip mode (Mair et al., 2002; 83 

Anthony, Marone, 2005; Kocharyan et al., 2014).  84 

 

Figure 1. The slider-model performance test. 

A scheme of the experimental set-up (a). Mechanical (friction and displacement) and acoustic 

(in the frequency band of 20-80kHz) parameters were controled during the experiments.  

(1) - moveable block; (2) – base rod; (3) - gouge layer; (4) - laser sensor of displacement; (5) - 

force sensor; (6) – spring element; (7) - AE sensors.  

Characteristic variations of friction and displacement in time for a regular stick-slip (Exp.5) (b) 

and a stochastic sliding regime (Exp.13) (c). The point (0,0) corresponds to the moment when 

the ultimate strength of model fault is reached. We study the ‘mature’ stage when the friction 

reaches the residual shear strength. Insets (b, c) show the statistics of the realized slip events. 



The moveable block slid along the interface under the applied normal and shear forces. The normal 85 

force was FN = 500 N in all the experiments. It was applied by a set of weights. The shear force 86 

was applied to the block through an elastic element (6) with the stiffness of K = 55 kN/m. Its free 87 

end was pulled at a constant velocity of us =8 m/s. The shear force was controlled with the sensor 88 

CFT/5kN (HBM, Germany) (5) with the accuracy of 1 N. The displacement of the block relative 89 

to the base was measured with the laser sensor ILD2220-10 (Micro-Epsilon, Germany) (4) in the 90 

frequency band of 0-5kHz, with the accuracy of 0.1m.  91 

Typical loading curves are presented in Fig. 1b,c. The fault evolution undergoes several stages 92 

(Gerasimova et al., 1995; Scuderi et al., 2017). At the initial stage the model fault reaches the 93 

ultimate shear strength. Further accumulation of shear deformation leads to the regularization of 94 

slip behavior and the contact reaches the residual shear strength (s) – the ‘mature’ stage. We 95 

consider the ‘mature’ stage for a detailed analysis. Regularities of a sliding regime are defined by 96 

structural, physical and mechanical properties of the filler. Parameters of realized sliding regimes 97 

and fillers are presented in Supplementary Table S1. Using, for example, the filler composed of 98 

moistened quartz sand with a narrow size distribution of grains, allowed to realize a regular stick-99 

slip – quasi-periodically repeated fast slip events accompanied by drops of shear stress (Fig. 1b). 100 

On the other hand, using the quartz sand with a wide size distribution of grains resulted in a 101 

stochastic sliding regime, when slip events were occasional, and their statistics obeyed a power 102 

law (Fig. 1c).  103 

In the course of an experiment the fault evolution was accompanied by the AE. We used a set of 104 

AE sensors VS30-V (Vallen System, Germany) to record these high-frequency vibrations. The 105 

sensors were mounted on the rod at the distances of 0.6 and 0.7m at opposite sides of the moveable 106 

block,. The sample rate fs was 2 MHz. The operational frequency band was 20–80 kHz, so we 107 

consider acoustic manifestations of the fault sliding regimes in the "far-field zone". The background 108 

noise level A0 was 50 dB. 109 



We used the energetic criterion for detecting the AEs – the energy flow should exceed a certain 110 

threshold for the 'event' to be detected, according to the following relation: 111 
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A(t) is the recorded signal filtered in the frequency band of 20-80 kHz, 
2

minA  is the variance of the 112 

signal. The factor of 1.5 was established in a preliminary analysis so that the AE catalogue would 113 

be as representative as possible. The energy flow was determined in the window Δt=0.5ms long at 114 

the steps of Δt/2. 
2
minA  was determined in 1 second intervals of AE signals before the shear load 115 

started, according to the following relation:  116 
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AEs of different shapes and amplitudes were emitted in sliding. Depending on the realized sliding 117 

regime the rate of AEs varied from single "clicks" at intervals of several seconds to regularly 118 

repeating AEs at intervals of 1-2 ms. Among all the recorded AEs it was necessary to distinguish 119 

those emitted during slip events and at the stage of slip event preparation (Fig. 2). 120 

 121 

 



Figure 2. AE data. 

The AE signal recorded during a stochastic sliding regime ( Exp.13) (a). ‘Coseismic’ AEs 

corresponding to slip events (b) and ‘interseismic’ AEs corresponding to slip event preparation 

(c-f). In Fig. 2b the solid line corresponds to the time variation of block velocity. In Fig.2c-f the 

WI-value is indicated in parentheses. 

The following parameters were retrieved from the detected pulses: duration (dt), amplitude (As), 122 

peak-to-peak amplitude (ΔA) and energy (E), which was estimated as follows: 123 

It seems likely that the waveform of the pulse points to the mechanism and intensity of the 124 

evolution process inside the fault (Shiotani et al., 2001; Zigone et al., 2011; Ostapchuk et al., 2016). 125 

We have introduced a novel parameter – waveform index WI. WI-value was calculated through 126 

the formula: 127 

( )
( )maxe
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tt

tt
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where ts and te are the moments of beginning and termination of the pulse, tmax is the moment when 128 

maximum peak-to-peak amplitude is reached. Introducing the novel ‘WI-value’ parameter implies 129 

two important aspects, provided that detected are AE waves that directly reflect a source-time 130 

function (Shiotani et al., 2001; Besedina et al., 2020). First is that the gradient of the ascending 131 

part of the waveform becomes smaller as fracture propagates. Second, low-frequency components 132 

of wave-forms should be dominant with progressing fracture. It is worth mentioning that more 133 

than 95% of all the AEs registered in our experiments had WI-values within the range of 0 to 1. 134 

The events with the values of WI >> 1 were treated as double- or multi-pulses. They were not 135 

considered in our analysis. 136 

3. Results 137 

3.1. Continuum of slip events 138 

=
e
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Using mixtures of different materials, we managed to reproduce in laboratory the entire spectrum 139 

of slip modes. The fastest slip events had peak velocities up to 48 mm/s (600us) and the relative 140 

value of shear stress drop down to 0.1. Single high-amplitude AEs with durations corresponding 141 

to the ones of slip events were emitted in fast modes (Fig. 2b). Slow slip events had peak velocities 142 

of 2-5 us and durations (T) up to 5-10 s, while relative changes of shear stresses were less than 10-143 

2. The slowest slip events were accompanied by emission of a cascade of single pulses that 144 

resembled the low frequency earthquake bursts during slow slips (Fig. 2b) (Frank et al, 2016). 145 

Parameters of the realized slip events varied in wide ranges (Fig. 3). As far as the mechanical 146 

parameters are considered, one can see that all the slip events form a connected set in space (Vpeak, 147 

T, ΔL). This point to a continuum of slip modes of fault behavior. Slip events, whose emitted 148 

energies differed by more than 1 order of magnitude, were realized in one and the same stochastic 149 

sliding regime. As far as all the experiments are considered, the difference is up to 2 orders of 150 

magnitude for events with equal "seismic moments" (Supplementary Section S1).  151 

 

Figure 3. Variations of slip event parameters. 

All slip event parameters form a connected set in the space (cumulative slip (L), peak velocity 

(Vpeak), slip duration (T)) (a). Comparison of laboratory ‘seismic’ moment and energy of 

‘coseismic’ AE (b). The laboratory seismic moment is 𝑀𝑙𝑎𝑏 = 𝐾 ∙ ∆𝐿 ∙ 𝑠 (where K and s are 

spring stiffness and block length, respectively). The symbols correspond to different 

experiments listed in the Supplementary Table S1. 

Though the similarity criteria are not true here, the experiments testify that the entire spectrum of 152 

sliding regimes results from the frictional instability of the model fault, just at the expense of 153 



friction. Though we do not exclude other mechanisms that may lead to formation of different slip 154 

modes, such as variations of fluid pore pressure, dehydration reactions, brittle-ductile transition 155 

and others (Reber et al., 2015; Cruz-Atienza et al., 2018; Burgmann, 2018).  156 

3.2. Two subpopulations of AE 157 

The change of stress-strain state of the model fault results in various structural changes and is 158 

accompanied by a great number of AEs. In general, the amplitude-frequency distribution of AEs 159 

is a superposition of a power distribution in the low-amplitude range and a peak-like distribution 160 

in the high-amplitude range (Fig. 4a).  161 

 

Figure 4. AEs statistics. 

AEs statistics demonstrates an essential difference between amplitude-frequency (a) and 

waveform-frequency (b) distributions. The ‘coseismic’ AEs corresponding to slip events form 

the separate high-amplitude peak, which is marked by the filled area. The waveform index plot 

allows to detect the characteristic (cut-off) value (WI=0.1). Color lines are cross-referenced to 

numbers listed in Supplementary Table S1. 

In the range of low As values the AEs distribution is approximated with high accuracy by the power 162 

dependence:  163 

𝑙𝑔(𝑁) = 𝑎 − 𝑏𝑙𝑔 (
𝐴𝑆
𝐴0
) (5) 

where N is the number of events with amplitudes not less than As. The value lg(As/A0) corresponds 164 

to AE magnitude (Lei, 2003), a and b are two positive constants. The a-value is a measure of AE 165 

activity, which depends on the time window of observations. The slope of recurrence plot (b-value) 166 

is a scaling parameter, which characterizes the process of self-organization of the medium 167 



(Turcotte, 1999). The power law behavior is also typical for the AE distributions over energy (E) 168 

and duration (dt).  169 

The distribution of AEs over the WI parameter shows a duality, which points to the presence of 170 

two AE modes (Fig. 4b). This can be written as follows:  171 

𝑁 = {
𝑎𝑊𝐼 ,𝑊𝐼 ≤ 0.1

𝑐𝑊𝐼 ⋅ 𝑊𝐼−𝑤,𝑊𝐼 > 0.1
, (6) 

where N is the number of events whose waveform parameters are not less than WI, aWI and cWI are 172 

positive constants, which are determined by the intensity of AE. There is also the cut-off value of 173 

WI=0.1. And it is very important. Persistence of the cut-off value in all the performed experiments, 174 

probably, points to spatial peculiarities of the internal self-organization of the medium. The index 175 

w-value characterizes the non-uniformity of AE ensemble over the WI parameter, while its 176 

alteration probably points to the predominant mechanism of AE generation. It should be noted that 177 

there is an analogous distribution for mining seismicity with the cut-off value of WI=0.23 178 

(Besedina et al., 2020). Pulses with different WI-values correspond to, for example, different 179 

velocities of rupture propagation.  180 

The essential difference of the AE distributions over amplitude and over waveform points to the 181 

necessity to consider the WI parameter as an independent characteristics of the process of fault 182 

evolution. The presence of a characteristic point in the waveform-frequency distribution motivates 183 

to conduct a clustering of the ensemble of detected AEs over the WI-value. Mode I includes AEs 184 

with WI0.1. They manifest as wave trains with harsh onsets. Mode II includes AEs with WI>0.1. 185 

They exhibit a gradual amplitude rise.  186 

In order to better understand the physical mechanism of internal processes of self-organization, let 187 

us consider the scaling relationships for the mode I and mode II of AE. The scaling relationships 188 

provide important insights into and constraints on the dynamics of internal processes. Fig. 5 shows 189 

log-log trends between different AE parameters. Such a presentation gives an opportunity to 190 

compare them to scaling laws for ordinary and slow earthquakes (Peng, Gomberg, 2010; 191 

Nishitsuji, Mori, 2014).   192 



 

Figure 5. Scaling of two AE subpopulations in Exp.13. 

(a) Duration versus amplitude of AE (mode I – yellow, mode II – purple). The complete set 

of AEs is limited by two solid lines given by relations (7). Right plots show the two-dimensional 

distribution of the AE mode I (upper) and the AE mode II (lower). 

(b) AE energy versus amplitude. The energy varies by more than an order of magnitude for 

AEs with one and the same amplitude. Right plots show the two-dimensional distribution of the 

AE mode I (upper) and the AE mode II (lower). 

The event duration scaling is viewed as a key to unraveling the rupture mechanism in nature and 193 

lab. All the recorded AEs form a connected set, which is limited by two boundaries:  194 

1.05.0

2.02.1

~

~




sbottom

supper

Adt

Adt
, (7) 

In nature this corresponds to the scaling between the seismic moment and the duration ranging 195 

from 
1.08.0

0~ MT  to 
1.03.0

0~ MT  (see Supplementary Section S2). At the same time one can see 196 

that AE mode I localizes closer to the lower boundary, than AE mode II. It means that for AEs of 197 

equal amplitudes to be realized, mode II should have a longer failure duration than mode I. 198 



 199 

An important parameter that characterizes seismic events is the radiated energy. It varies in a wide 200 

range for slow and fast earthquake. Our analysis shows that there is an increase of the value of 201 

radiated energy with AE amplitude, and the variation of radiated energy reaches one order of 202 

magnitude for equal-amplitude AEs. Moreover, we revealed that a statistically significant 203 

difference of scaling indexes for different AE modes is observed (Supplementary Figure S1). For 204 

the AE mode I a slower growth of radiated energy with scale is observed, than for the AE mode II. 205 

Hence, the mode II exhibits an increased energy dissipation at the micro-scale.  206 

The obtained scaling relationships clearly point to the complexity of evolution processes taking 207 

place at the micro-scale. A wide spectrum of AEs is radiated during deformation. They can be 208 

qualitatively divided into AEs that correspond to fast events (mode I) and the ones corresponding 209 

to slow events (mode II). To understand the fundamental differences between the detected AE 210 

modes, it will be appropriate to consider the model fault as a complex two-component dynamic 211 

system. Fig. 6 shows variations of mechanical and acoustic parameters for regular and stochastic 212 

sliding regimes. In order to investigate the temporal evolution of the b-value, we calculated b-213 

values using the method of least squares in a running window for an equal number of events 214 

(nn = 100) with a running step of nn/2 events (50% overlap). 215 



 

Figure 6. Evolution of model fault state. 

Variations of sliding velocity and AE parameters for a regular stick-slip (Exp.3) (a) and a 

stochastic sliding regime (Exp.13) (b). 

Unlike the stochastic regime, the regular regime shows a high correlation between the sliding 

velocity and the AE rate. Occasional variations of b-value are observed for both regular and 

stochastic regimes for the complete set of AEs. Histograms of b-value obey the normal 

distribution law.  

Separation of AEs into two subpopulations shows an essential difference of time variations of 

b-value. Occasional alterations are observed for the AE mode I (WI0.1), while the AE mode II 

(WI>0.1) shows systematic variations.  

A stable repeated pattern of variations of both mechanical and acoustic parameters is observed 216 

during a regular stick-slip. Variations of block velocity and AE rate testify three typical stages of 217 

a seismic cycle. After the dynamic failure, the post-seismic stage is observed with a decreasing 218 

velocity of block sliding and AE rate. The lowering activity is described by the law of Omori-Utsu 219 

(Lherminier et al., 2019; Ostapchuk et al., 2019b). Then approximately stable minimal values of 220 



velocity and AE rate are observed at the inter-seismic stage. As the system approaches a slip event, 221 

an accelerated block sliding is observed accompanied by an increase of AE rate. At the pre-seismic 222 

stage AE variations can be described by the inverse Omori’s law (Ostapchuk et al., 2019b; Johnson 223 

et al., 2013). No clear staging of a seismic cycle is observed when analyzing variations of the b-224 

value of the complete population of AE. The b-value distribution obeys the normal law. It should 225 

be noted that the cyclicity (but not the staging) of b-value alterations in a limited range of AE 226 

amplitudes has been mentioned in a few works (Reviere et al., 2018; Lei et al., 2018). Clustering 227 

AEs into two modes eliminates the ambiguity of the pattern of b-value variations.  For a regular 228 

stick-slip the analysis of b-value histograms shows that the AE mode I (WI0.1) exhibits an almost 229 

constant b-value and time variations are occasional (histogram obeys the normal distribution). At 230 

the same time the AE mode II demonstrates certain periodic variations of b-value, and the 231 

histogram cannot be approximated by a normal distribution. If we look at the laboratory seismic 232 

cycle just after a dynamic failure at the first stage of fault recovery, we can see that a fast growth 233 

of b-value occurs. It means that low-amplitude AEs with gradual amplitude rise start to prevail. 234 

Then the stage of creep comes at a minimal velocity, and b-value remains almost constant, which 235 

for the presented case manifests as a peak in the b-value histogram around the value of 1.4. At the 236 

final 'pre-seismic' stage a monotonic decrease of b-value is observed, which means that the share 237 

of high-amplitude AEs of mode II grows.  238 

In a stochastic regime the pattern of parameter alteration is much more complicated. It seems 239 

impossible to detect stages of the cycle through AE rate and sliding velocity. Small relative 240 

variations of AE rate are observed before slip events, while abrupt drops occur only after fast 241 

dynamic failures. There are no unambiguous variations of b-value over the complete population 242 

of AE. However, if one detects certain AE modes, the doublet structure becomes apparent, and the 243 

staging of fault evolution manifests clearly (Fig. 6b). The AE mode I has only one specific b-value 244 

during shear, and variations are random. A more pronounced variation is observed if compared to 245 

the regular stick-slip. This probably results from the peculiarities of self-organization when fast 246 



and slow slip events take turns. The AE mode II shows staging of b-value alteration. The b-value 247 

decreases before each of the dynamic events and recover after them.  248 

So, we can say that two AE subpopulations are emitted during gouge-filled fault sliding. These 249 

subpopulations have different scaling characteristics and different peculiarities of evolution. The 250 

obtained results indirectly indicate that two dynamic sub-systems emerge in the course of fault 251 

evolution at the meso-scale. One of the sub-systems exhibits scaling invariance in time, and 252 

structural changes are accompanied by AEs with harsh onsets (mode I). The other sub-system 253 

demonstrates periodical variations of scaling parameters in time, and the transition to the critical 254 

state is accompanied by an increase of the specific scale of structural alterations. The evolution of 255 

the second subsystem is accompanied by AEs with a gradual amplitude rise (mode II), which are 256 

less intensive. 257 

4. Discussion 258 

The obtained results improve our understanding of the processes at the micro-level. Both fast and 259 

slow slip events can be triggered at the micro-level. Some investigators reported emission of AEs 260 

with different waveforms in laboratory tests (Zigone et al., 2011; Ostapchuk et al., 2016; Hulbert 261 

et al., 2019), but no systematic analysis was performed. It should be noted that laboratory 262 

experiments are by no means a sort of scale modeling since it is simply impossible to fulfill all the 263 

similarity criteria in this case (Rosenau et al., 2017). Results of laboratory experiments should be 264 

considered as insights into fundamental properties of geomaterials and their structural peculiarities 265 

which determine fault slip behavior. 266 

Most works consider the regime of regular stick-slip, when slip events take place quasi-267 

periodically. However, there are only few natural faults, where characteristic earthquakes quasi 268 

periodically reoccur in time (Ben-Zion, 2008). So, we believe that the stochastic sliding regime 269 

with aperiodic slip events is more realistic. Improving methods of seismic signal processing point 270 

to ambiguity in slow slip event (SSE) scaling. In some areas SSE duration (T) and seismic 271 

magnitude (M0) scale nearly linearly (Peng, Gomberg, 2010), while, for example, the Cascadia 272 



slow-slip events manifest a cubic moment-duration scaling and can produce pulse-like ruptures 273 

similar to fast slip events (Michel, et al., 2019). Shallow SSEs occur in the zone of highly 274 

overpressured fluids, low effective stress and transitional frictional behavior (Saffer, Wallace, 275 

2015). 276 

In the presented experiments the emission of AE waves is produced by the frictional instability. 277 

The spectrum of slip behaviors is governed by frictional dynamics via the interaction of the contact 278 

frictional properties, the effective normal stress and the elastic stiffness of the surrounding material 279 

(Leeman et al., 2016). The evolution of our model gouge-filled fault is controlled by peculiarities 280 

of formation and destruction of conglomerates of loaded grains at the meso-scale, the so called 281 

‘force chains’ (Mair et al., 2002; Hayman et al., 2011; Lherminier et al., 2019). The assembly of 282 

these chains has a certain spatial structure and a relatively low specific weight inside the medium 283 

(Gao et al., 2019). Thus, two structural subsystems emerge inside a stressed fault – a consolidated 284 

force skeleton and rather moveable unconsolidated areas. We had no chance to visualize the inner 285 

processes of self-organization in the performed experiments, but we believe that the detected 286 

regularities of AE alteration do result from the evolution of the two structural subsystems. 287 

Probably, the change of force skeleton is accompanied by emission of the AE mode I, while the 288 

dynamics of unconsolidated areas – by AE mode II (Gao et al., 2019; Ostapchuk et al., 2020). We 289 

suggest that triggering AE mode II is, probably, supported by low effective normal stresses, 290 

analogous to the case of shallow SSEs. Certainly, the suggestions we have made require further 291 

specifications. Nevertheless, the emergence of AE doublet structure in all our experiments points 292 

to a fundamental properties of the effect.  293 

Improving the methods to detect weak earthquakes and their statistical analysis allows to obtain 294 

an important information about fault dynamics and to trace the nucleation of an earthquake 295 

(Trugman, Ross, 2019; Gulia, Wiemer, 2019). In our experiments detecting the doublet structure 296 

of AE population can form a new basis for determining the critical state of slip event nucleation. 297 

A simple criterion of an "alarm" has been formulated. It is based on tracing specific acoustic 298 



manifestations of fault evolution in time - "If for the AE mode II for three successively estimated 299 

b-values a monotonic decrease is observed ( ) ( ) ( )iii tbtbtb  −− 12 , then the alarm starts at the 300 

moment it . The end of the alarm is the moment when the slip event starts (the "true" alarm), or the 301 

moment nt , when an increase of b-value is observed again ( ) ( )nn tbtb −1  (the "false" alarm) 302 

(Fig. 7, the inset). Fig. 7 presents variations of b-value in time for the AE mode II and "the raise 303 

of alarm" of the transition of the fault to the critical state. 304 

 

Figure 7. Transition of the model fault to the critical state. 

Variations of block velocity and b-value of the AE mode II for a regular stick-slip in Exp.4 (a) and a 

stochastic sliding regime in Exp.13 (b). The yellow areas correspond to alarm intervals, the red ones – 

to slip events. Insets show mechanisms of a "true" alarm (a) and a "false" alarm (c). 

We use Molchan’s diagram to evaluate the predictive power for regular (c) and stochastic (d) sliding 

regimes. Shaded circles show the performance of prediction algorithm. Random binomial predictions 

occupy the diagonal. Random predictions with fixed alarm time () fall in the grey area with the 

probability of α=10-5. 



During a regular stick-slip (Fig. 7a) the duration of the alarm was 3.9±1.9s, while the recurrent 305 

time of dynamic failures was 34.2±0.8s. The alarm covers the whole pre-seismic stage of the 306 

seismic cycle. At the same time, it is important to note that the critical stage (when an event can 307 

be triggered by a weak disturbance) emerges at stresses close to the critical ones at the end of the 308 

pre-seismic stage (Kocharyan et al., 2018). For the stochastic regime (Fig. 7b) the pattern of b-309 

value alteration is more complex, but the chosen alarm criterion is sensitive for such a regime too. 310 

A decrease of b-value signifies both the forthcoming fast and slow slip events, but more complex 311 

mechanisms of self-organization lead to "false alarms" (Ren et al., 2019) (Fig.7b, the inset). 312 

The established criterion of the transition of a fault to the critical state should be considered as a 313 

step to understanding the basic earthquake nucleation mechanism and to improve the estimation 314 

of seismic hazard. The Molchan’s error diagram is used to evaluate the predictive power of our 315 

prediction algorithm and its stability (Molchan, 2003; Molchan, 2010). We use two interdependent 316 

measures of prediction quality: the fraction of unpredicted events , and the fraction of alarms . 317 

Each prediction corresponds to a single point in (, ) space. The error diagram for our prediction 318 

of the transition of the fault to the critical state of seismic cycle is presented in Fig. 7c,d. The -319 

axis corresponds to the relative alarm time, the -axis – to the share of missed slip events. An 320 

extremely simple but easily tractable model of prediction which produces alarms independent of 321 

the target earthquakes is the random binomial prediction (Molchan, 2003; Shebalin et al., 2006). 322 

The probability for a random binomial prediction with a given value of  to fall within the shaded 323 

area is less than or equal to 10-5 (0.001 %). The point corresponds to our prediction algorithm 324 

indicating very high predictive power both for the regular and the stochastic sliding regimes. The 325 

efficiency of the precursor Jm is defined as:  326 

 −−=1mJ , (8) 

The value of Jm lies in the range of (0…1). The nearer the value to 1 is, the more reliable is the 327 

raise of alarm. In our experiments the efficiency of the method for a regular stick-slip is 328 

Jm = 0.59…0.83, while for the stochastic sliding regime that includes both fast and slow slip modes 329 



the value is Jm = 0.4…0.65 (Supplementary Table S1). For comparison, the efficiency of the ETAS 330 

forecasting model for earthquakes M>6 in Southern California is 0.29 (Lippiello et al., 2012). 331 

Predictions based on the ultralow frequency magnetic data show the efficiency of about 0.23 (Han 332 

et al., 2017). The forecasting technique based on the effect of modulation of high frequency 333 

seismic noise in Kamchatka gives the value of about 0.5 for target earthquakes M6 (Saltykov, 334 

2017). Thus, the prediction criterion based on detecting the doublet structure of the ensemble of 335 

AEs turns to be highly effective both for fast and for slow slip events. This testifies that a spectrum 336 

of frictional fault slip modes share a common mechanism. 337 

5. Conclusions 338 

A unified pattern of fault slip behavior evolution is a fundamental issue. It requires linking seismic, 339 

mechanical and structural data. In the present study, we have revealed the doublet structure of AE 340 

population, which reflects the complexity of internal fault structure at the meso-scale. Both fast 341 

and slow events are initiated at the micro-scale. Different scaling relations are intrinsic to those 342 

events. At the same time at the macro-scale we observed a similar pattern of nucleation of both 343 

fast and slow slip events. This allows us to speak about the unity of physical mechanisms of 344 

nucleation of entire spectrum of fault slip modes. Revealing the doublet structure of AE population 345 

and tracing scaling parameters of AE subpopulations allows us to introduce a new short-term 346 

precursor, that may improve the seismic hazard assessment. 347 
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