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SUMMARY 23 

This paper focuses on the study of the temporal evolution of seismicity and the role of fluids 24 

during major earthquake sequences that occurred in the central Apennines and Southern Walker 25 

Lane belt-Eastern California Shear Zone over the last two decades: The 1997 Colfiorito 26 

sequence, the 2009 L’Aquila sequence, the 2016 Amatrice-Norcia sequence, and the 2019 27 

Ridgecrest sequence. The availability of different high-quality seismic catalogs offers the 28 

opportunity to evaluate in detail the temporal evolution of the earthquake's size distribution (or 29 

b-value) and propose a physical explanation based on the effect of the fluid flow process in 30 

triggering seismicity. For all seismic sequences, the b-value time series show a gradual decrease 31 

from a few months to one year before mainshocks. The gradual decrease in the b-value is 32 

interpreted in terms of coupled fluid-stress intensity as a gradual increase in earthquake activity 33 

due essentially to the short-term to intermediate-term pore-fluid fluctuations. For the 2016 34 

Amatrice-Norcia sequence and the 2019 Ridgecrest sequence, the temporal variation of the b-35 

value during the foreshock sequence is characterized by a double b-value minimum separated 36 

by a short-lived b-value increase as observed in laboratory experiments on water-saturated 37 

rocks. Based on laboratory experiment results, the observed short–term fluctuation of the b-38 

value is presented here as an accelerating crack growth due essentially to the fluid flow 39 

instability. Despite that the occurrence of seismic precursors could have been predictable in 40 

areas with high dense seismic networks, the different b-value time series show difficulty to 41 

establish a correspondence between the duration of the foreshock activity and the magnitude of 42 

the next largest expected earthquake. This may suggest that the spatial and temporal evolution 43 

of fluid migration controls the size of the ruptures. 44 

 45 

 46 
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INTRODUCTION    47 

Several studies have suggested a relation between the occurrence of earthquake sequences 48 

and the temporal change in the relative size distribution of earthquakes quantified by the 49 

Gutenberg-Richter (GR) b-value (Berg, 1968;  Scholz, 1968; Smith, 1981; Wiemer & Wyss, 50 

2000…). The analyzes of a series of 60 foreshocks and 428 aftershocks related to three 51 

moderate earthquakes occurred on the Fairbank region of Alaska shows that the Gutenberg-52 

Richter (GR) b-value was abnormally low (between 0.34 to 0.45) before large events and was 53 

restored taking a typical value of 0.85 to 0.95 during and after each mainshocks (Berg, 1968). 54 

The seismicity analysis of the 1967 Caracas (Mw 6.7) earthquake sequence, the 1971 San 55 

Fernando (Mw 6.4) earthquake sequence, and the 1968-1978 New Zealand earthquake 56 

sequence reveal that the temporal variation in the b-value was remarkably coupled with the size 57 

of moderate to strong earthquakes. A large time scale decrease in the b-value associated with 58 

an acceleration of aseismic slip is observed before the Mw 8.1 Iquique, Chile and the Mw 9.0 59 

Tohoku-Oki earthquakes (Nanjo et al., 2012; Scholz, 2019).  Several studies argues that the 60 

acceleration of aseismic slip is favored by a variation of pore fluid pressure at depth (Segall & 61 

Rice, 1995; Ruhl et al., 2016;Cappa et al., 2019 ; De Barros et al., 2020). The gradual decrease 62 

in the b-value on a much shorter time scale is also observed in the four-month-long foreshock 63 

sequence preceding the 2009 L’Aquila earthquake (Gulia et al., 2016). The temporal variation 64 

of the b-value before L’Aquila mainshock correlate with the change of Vp/Vs from January to 65 

the April 6 (Lucente et al., 2010). The simulateous change in b-value and Vp/Vs in the case of 66 

the L’Aquila sequence may interpret as a nucleation process due to an overpressurised volume 67 

controlled by fluid migration at depth (Chiaraluce, 2012).   68 

The comparison between the temporal evolution of b-value and the effective normal stress 69 

in California show a decrease in the b-value associated with a decrease in effective normal 70 

stressing rate (Khoshmanesh & Shirzaei.,2018). The maximum increase in the Coulomb stress 71 
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rate (up to 0.45 bar/yr spanning the period from 2003 to 2010) along the central part of the San 72 

Andreas Fault system also coincides with the decrease in effective normal stress caused by the 73 

evolution of pore-fluid pressure at depth (Khoshmanesh & Shirzaei.,2018). These results argue 74 

that a strong correlation exists between the fluid migration and the temporal evolution of the b-75 

value along the central part of the San Andreas fault. In the Southern Walker Lane belt (SWL)- 76 

Eastern California Shear Zone (ECSZ), high-resolution optical satellite imagery analysis 77 

reveals a considerable contribution of the inelastic processes to the total diffuse deformation 78 

following the 2019 Ridgecrest earthquake sequence (Antoine et al., 2021). The high Vp/Vs 79 

ratio covering the complex fault zones of the 2019 Ridgecrest foreshock-mainshock sequence 80 

(Tong et al., 2021) denotes that the change in the pore-fluid pressure near the Ridgecrest fault 81 

zone may be considered as one of the plausible mechanisms explaining the diffuse inelastic 82 

deformation observed during the 2019 Ridgecrest sequence. A stress changes modeling results 83 

taking onto account the variation in the Vp/Vs ratio due to the diffusive effect of fluids during 84 

the Mw6.4 Ridgecrest foreshock reveals that the value of fluid diffusivity necessary to trigger 85 

the next Mw7.1 mainshock is estimated to ≤ 2.32 104 cm2/s (Kariche, 2022). This value seems 86 

to be low compared with the value obtained by Hudnut et al., (1989) for the 1987 Superstition 87 

Hills sequence and may explain the difference in the time delay between mainshocks in relation 88 

with to the two sequences.     89 

A laboratory fracturing experiment on fluid-saturated rocks also predicts a variation in the 90 

Vp/Vs due to the change in the rheological properties of the seismogenic crust following large 91 

earthquakes. Fracture mechanics modeling and laboratory experiments for dry and water-92 

saturated specimens shows that the gradual decrease in the b-value related to a progressive 93 

increase in acoustic emission rate (AE) is only visible in water-saturated rocks (Main et al. 94 

1990). Laboratory experiments at constant pore-fluid volume predict a fluctuation in the b-value 95 

before major cracks and argue the idea that the fluid affects considerably the size and the 96 
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distribution of future cracks (Sammonds et al., 1992). Other strong correlations between b-value 97 

and fluid migration are also found in a crustal range of the Taiwan orogenic belt (Chen et al., 98 

2019).   99 

In this paper, I explore the influence of fluids migration on earthquake occurrence by analyzing 100 

the temporal evolution of seismicity for two tectonically active zones with available high-101 

quality dense seismic networks: the Central Apennine (Italy) and the SWL-ECSZ. Several 102 

major seismic sequences are studied in details: the 1997 Colfiorito, the 2009 l’Aquila and the 103 

2016 Amatrice-Norcia for the Central Apennine seismic zone and the 2019 Ridgecrest (CA) 104 

sequence for the SWL-ECSZ. These sequences are explored in terms of seismic productivity 105 

and related fluid migration. By analyzing the evolution of seismicity and stress redistribution, 106 

I found a causative relation between the pore fluid effect and the Spatio-temporal evolution of 107 

crack growth before and during major earthquakes. The results are also compared to the 108 

laboratory experiments for a better constrain of the role of fluids in the different phases of the 109 

earthquake generation.     110 

METHODOLOGY  111 

1. G-R b-value time series modeling  112 

A first empirical relation between the frequencies and magnitudes of earthquakes is proposed 113 

by Gutenberg & Richter (1950):  114 

𝐿𝑜𝑔10[𝑁(𝑀)] = 𝑎 − 𝑏𝑀                             (1) 115 

Where a and b are the G-R constants, M is the magnitude, and N(M) is the number of 116 

earthquakes in a specific time window of events with a magnitude range between M and ± δM.  117 

The b-value for an entire catalog is estimated by the maximum likelihood value (Aki, 1965):  118 
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𝑏 =  
1

𝑙𝑛(10)(�̅� − 𝑀𝑐)
                          (2) 119 

Where 𝑀 ̅̅ ̅ represents an average magnitude value for a population of earthquakes satisfying the 120 

condition M ≥  𝑀𝑐 , and 𝑀𝑐 is the magnitude of completeness defined as the lowest magnitude 121 

at which all the events in a space-time volume are detected (Wiemer & Wyss, 2000; Woessner 122 

& Wiemer, 2005).   123 

The b-value time series can be rewritten as (Woessner & Wiemer, 2005):  124 

𝑏 =  
𝐿𝑜𝑔10(𝑒)

[〈𝑀〉−(𝑀𝑐−
∆𝑀𝑏𝑖𝑛

2⁄ )]
              (3) 125 

Where 〈𝑀〉 represents the mean magnitude of the sample and ∆𝑀𝑏𝑖𝑛 is the binning width of the 126 

catalogue (Aki, 1965).  127 

The standard deviation of b-value can be obtained using the Shi & Bolt (1982) approach:  128 

𝛿𝑏 = 2.3 𝑏2 √
∑ (𝑀𝑖 {𝑀})𝑖

𝑛 (𝑛 − 1)
                   129 

Where n is the sample size.  130 

In order to evaluate the temporal variation of crack distribution on a seismogenic volume, 131 

the temporal variation in b-value is computed using the 3D frequency–magnitude approach of 132 

Wyss et al. (1998) with an appropriate time window. The b-value time series computation 133 

procedure used in this study and based on the fixed number of events technics is in general 134 

similar to those used by Gulia & Wiemer, (2019) or Dascher‐Cousineau et al., (2020) which 135 

take into account the space-time evolution of Mc in the b-value estimation. The determination 136 

of Mc is based on the assumption that the seismic events are self-similar (Wiemer & Wyss, 137 

2000). The most robust way to deal with the dependence of the b-value time series on Mc is to 138 
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choose a large value of Mc for the entire time series catalog, but this approach led to maximizing 139 

uncertainties when the computation of the b-value is made for a smaller number of earthquakes 140 

sample. 141 

The correct assessment of the completeness magnitude Mc for each earthquake sample 142 

used here is made according to the automatic correction of the completeness level of Mc through 143 

time using the Maximum curvature method (MAXC) (Wiemer & Wyss, 2000). The Mc and the 144 

b-value are performed simultaneously by computing the maximum value of the first derivate of 145 

the frequency-magnitude plot. The MAXC technique provides a reasonable resolution of the b-146 

value over time and tends to minimize uncertainties due to smaller sample sizes compared with 147 

the b-value estimates using fixed Mc-approaches. In order to completely leave the 148 

underestimation of the Mc value over time, a value of 0.2-to 0.5 is added to the Mc-values by 149 

taking into account the fact that the overall shape of the time series is invariant for at least Mc 150 

ranges associated with each earthquake sequence.  151 

For the 2019 Ridgecrest sequence, I use the highest confidence QTM seismicity catalog 152 

for Southern California (Ross et al. 2019)spanning the period from 2000 to 2018 and the USGS-153 

NEIC updated high-resolution catalog for the period between March 2018 to March 2020 154 

combined with the Shelly (2020) higher-resolution Ridgecrest datasets. For 1997, 2009, and 155 

2016 Central Apennine sequences, I use the entire seismic catalog of the Istituto Nazionale Di 156 

Geofisica E Vulcanology covering the period between 1985 and 2018 combined with the 157 

catalog for the same region published by Gasperini et al. (2013) augmented by the recent high-158 

resolution catalog of Tan et al. (2021) in relation with the 2016-2017 Amatrice-Norcia 159 

sequence. 160 

2. Fluid flow and the evolution of seismicity  161 
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Taking into account the complexity of the earthquake generation, a realistic representation 162 

of the temporal evolution of seismicity following a seismic event can be expressed as (Utsu 163 

1969; Utsu & Ogata 1995):  164 

𝑑𝑁(𝑡)

𝑑𝑡
 ∝  

𝑘

(𝑐 + 𝑡)𝑝
                   (4)  165 

Where  
𝑑𝑁(𝑡)

𝑑𝑡
 represents the aftershock frequency, t is the time from the main shock triggered 166 

event, k is the productivity of aftershocks that depends on the total number of events, p is the 167 

power law exponent and c define the time delay before the onset of the power-law aftershock 168 

decay rate and depends on the rate of activity in the earlier part of the seismic sequence. The 169 

value of c is also related to the incompleteness of seismic catalogs after strong earthquakes. 170 

Guo & Ogata (1997) obtained a ranges of c values between 0.003d and 0.3d for various 171 

earthquake datasets. In our simulation, the c value is fixed as 0.01d. This value of c is selected 172 

to be the lowest possible in order to obtain sufficient aftershocks productivity in the very early 173 

part of the aftershock sequence (Enescu et al., 2007; Kariche et al., 2018). 174 

Based on the Nur and Booker (1972) hypothesis, the aftershock frequency within a seismogenic 175 

volume can be proportional to the temporal evolution of pore-fluid pressure as:  176 

𝑑𝑁

𝑑𝑡
=  

1

𝛼
 ∫

𝜕𝑃

𝜕𝑡
 𝑑𝑣                                            (5) 177 

Where α is a constant that defines the pore-fluid pressure increase with a cracks evolution in 178 

appropriate volume 𝑣. P represents the pore-fluid pressure variation following an earthquake.  179 

Taking into account the boundary conditions for a steady state source and if we suppose a linear 180 

fluid-flow process, a simple poroleastic solution is given by Malagnini et al. (2012):  181 
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𝑃(𝑥, 𝑡) =  (𝑃0 − 𝑃1)𝑒𝑟𝑓𝑐 (
𝑥

2√𝑐𝑡
) + 𝑃1              (6) 182 

Where c represents the value of fluid diffusivity and erfc is the complementary error function. 183 

For nucleation assisted by fluids, Abramowitz & Stegun (1970) wrote the erfc function as:  184 

𝑒𝑟𝑓𝑐 (
𝑥

2√𝑐𝑡
) =  

2

√𝜋
∫ 𝑒−𝜉2

 𝑑𝜉
∞

𝑥

2√𝑐𝑡

                      (7) 185 

In this case, the initial and boundary conditions may be posed as:  186 

{
     𝑃(𝑥 = 0, 𝑡 > 0) = 𝑃0 =  𝜆𝑓 𝜌𝑟 𝑔𝑧

𝑃(𝑥 > 0, 𝑡 = 0) = 𝑃1 = 𝜌𝑤𝑔𝑧
 187 

Where  ρr and  ρw are respectively the rocks and fluid density, λf is the pore fluid pressure 188 

coefficient for an arbitrary depth and range between 0.6 and 0.8 for fault reactivation assisted 189 

by fluid (Rikitake 1972).  190 

Replacing the 1 D pore fluid pressure form on the Nur & Booker (1972) equation with choosing 191 

the complementary error as expressed by Abramowitz & Stegun (1970), a complete aftershocks 192 

pore-fluid diffusion solution may be written as:  193 

𝑑𝑁

𝑑𝑡
=  

1

𝛼
 
(𝑃0 − 𝑃1)

2√𝜋𝑐𝑡3
 ∫ 𝑥 𝑒

(−
𝑥2

4𝑐𝑡
)

∞

0

 𝑑𝑥 =  
(𝑃0 − 𝑃1)√𝑐

α√𝜋
 

1

√𝑡
            (8)    194 

This equation shows that in the presence fluid, the aftershocks decay is proportional to 
1

√𝑡
. 195 

However, if an external source does not provide a sufficient fluid volume, the transient signal 196 

will decrease and a permanent Omori type signal (1/t) will appear.    197 

THE CENTRAL APENNINE SEQUENCE  198 

The 1997, 2009 and 2016 Central Apennine earthquake sequences start with the 1997 199 

Colfiorito (Umbria-Marche) sequence which struck the northern part of the Appenine in Italy 200 
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(Amato et al., 1998; Stramondo et al., 1999; Deschamps et al., 2000; Chiaraluce et al., 2003…). 201 

The Colfiorito sequence is characterized by six earthquakes with magnitude larger than 5.0 and 202 

two earthquakes with magnitude larger than 5.7 (Figure 1, Figure 2A & S2). The first 203 

earthquake occurred on September 26 at 00:33 UTC with a magnitude Mw =5.7. Nine hours 204 

later, another strong earthquake with Mw 6.0 struck the Colfiorito region with a 3 km distance 205 

from the first event (Amato et al., 1998). The Mw 5.7 event is considered as a foreshock 206 

preceding the Mw 6.0 mainshock (Amato et al., 1998). The hypocentral depth for the two events 207 

is approximatively equal and situated around 4 to 5 km depth (Figure 1, Figure 2A & Figure 208 

S2). The third event with a magnitude Mw =5.9 triggers 18 days after at 12 km south east of 209 

the first event (Figure S2). The analysis of the spatial and temporal evolution of seismicity 210 

related to the 1997 Colfiorito shows that the seismicity is mainly controlled by the poroelastic 211 

properties of the seismogenic zone and fluid low (Antonioli et al. 2005). Using the fluid 212 

triggering hypothesis, the value of fluid diffusivity able to trigger a 1997 Colfiorito sequence 213 

range is estimated between 2.2 x 105 and 9.0 x 105 cm2/s (Antonioli et al. 2005).  214 

On April 6, 2009 at 01h32 GMT, a devastating earthquake with a magnitude Mw 6.3 215 

occurred on normal fault at intramontane basin near the city of L’Aquila (Figure 1). This 216 

sequence began with a series of foreshocks six months prior the mainshock in a ~4 km long 217 

band on the L’Aquila fault zone (Figure 2B; Figure S3). The near field seismic wave analysis 218 

shows that the Spatio-temporal evolution of foreshocks correlates with a clear variation in 219 

seismic wave properties at depth (Lucente et al. (2010). The Vp/Vs value rose from 1.85 to 220 

more than 1.92 near the epicenter area of the 2009 L’Aquila earthquake a week before the 221 

mainshock and decreased down to 1.85 a few hours before (Lucente et al., 2010). According to 222 

the dilatancy-diffusion hypothesis (Nur, 1972;  Scholz et al., 1973), the change in Vp/Vs near 223 

L’Aquila is interpreted as the variation in elastic properties of the medium due to the fluid 224 

migration along the L’Aquila fault zone (Lucente et al., 2010; Chiaraluce, 2012; Scholz, 2019). 225 
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Based on the temporal change in the Vp/Vs ratio, the triggering mechanism related to the 226 

L’Aquila earthquake is resolved as a mechanism governed by the presence of a deep large fluid 227 

reservoir (Lucente et al. 2010). Indeed, the complexity of the fault zone, the deep thrust fault, 228 

and the low angle active normal faults observed nearby the L’Aquila major rupture (Chiodini 229 

et al., 2004) may be interpreted as a structural seal that favors the fluid accumulation and creates 230 

an overpressurized volume near the L’Aquila hypocentral depth.             231 

 232 
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Figure 1: Seismicity and focal mechanisms of major earthquakes occurred in the central 233 

Apennines (Italy) spanning the period from 1997 to 2016. Each earthquake sequence with a 234 

related mainshock focal mechanism is represented by specified color. For example, the 235 

magenta color represents the spatial distribution of the events associated with the 2009 236 

L’Aquila earthquake sequence, the focal mechanism associated to the L’Aquila mainshock is 237 

also represented by the same color.  The focal solutions are from the Global Centroid Moment 238 

Tensor (https://www.globalcmt.org/CMTsearch.html). The seismicity of the Central Apennine 239 

is from INGV (http://terremoti.ingv.it/en). The inset figure represents the location of the studied 240 

area. Note that the 2016 Amatrice-Norcia seismic sequence may view as a unique earthquake 241 

swarm divided into three smaller sequences. The colored data (green, blue, red) mimic the 242 

seismic migration from the August 24th (sequence in green), and culminating with the October 243 

30th, Mw 6.5 earthquake (sequence in red). 244 

 245 

From the structural point of view, the evolution of fault geometry near the L’Aquila fault 246 

zone seems to be controlled by a set of conjugate EW-NS faults system in a transtentional 247 

regime at the limit of large active fault segments. The aftershock distribution analysis following 248 

the 2009 L’Aquila mainshock shows that a non-neglected part of the aftershock productivity (~ 249 

32% of the total aftershocks recorded during the period from April to December 2009) is located 250 

at the limit of the fault slip zone. Scholz (2019) interprets this spatial distribution of the 251 

aftershocks as typical for a triggering mechanism assisted by a poroelastic and/or viscoelastic 252 

stress relaxation.  253 

After the 2009 L’Aquila earthquake, the Central Apennine was followed by three moderate 254 

earthquakes with a magnitude M≥ 6.0: the 2016 August 24 Amatrice earthquake (Mw 6.2), the 255 

2016 August 26 Ussita earthquake (Mw 6.1) and the 2016 October 30 Norcia earthquake (Mw 256 

https://www.globalcmt.org/CMTsearch.html
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6.5). Thus, these three sequences fill the gap between the Colfiorito and L’Aquila earthquake 257 

series (Figure1). Focal mechanism of the three earthquakes shows a normal faulting solution 258 

(Figure1) consistent with a rate of 3-4 mm/yr in Apennines zones. The mechanics of 259 

deformation in the Central Appenines is complex. The strain release nearby Amatrice fault-260 

zone is accommodate by a complex interaction between the main normal faults and a secondary 261 

structures inherited from the pre-Quaternary compressional tectonic phases (Cheloni et 262 

al.,2017). Pino et al. (2019) point out that the seismic sequences starting with the Amatrice and 263 

after Ussita earthquakes advance the triggering of the October 30 Norcia earthquake (Mw 6.5).  264 

Based on the fact that the earthquake triggering mechanism is assisted by fluids, Pino et al. 265 

(2019) obtain an average value of fluid diffusivity able to trigger the 2016 Amatrice-Norcia 266 

sequence equal to 1.5 104 cm2/s. The values are low compared to the values obtained for the 267 

1997 Colfiorito sequence (Antonioli et al., 2005) and may explain the variability in earthquake 268 

time delay (from hours to days) between the two sequences (Figure 2A & C). In the case of the 269 

1997 Colfiorito and the 2016 Amatrice-Norcia sequences, the difference in fluid characteristics 270 

obtained by different authors (Antonioli et al. 2005; Pino et al. 2019…) correlate with the 271 

spatial variation of the seismicity from south to north in the Central Appenine fault zone 272 

(Figure1). The spatial variation in fluid diffusivity also explains the high degree of 273 

heterogeneity along the central Appenine fault-zone and the difference in time delay between 274 

major earthquakes. 275 

 276 

 277 

 278 

 279 

 280 
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Figure 2: Evolution of the Cumulative number of earthquakes and magnitude distribution 282 

through time for: A) the 1997 Colfiorito sequence, B) the 2009 L’Aquila sequence and C) the 283 

2016 Amatrice-Norcia sequence. The earthquakes datasets used for A) and B) are from INGV. 284 

The earthquake database used for construct the C) plot is derived from a recent high precise 285 

determination of ~900, 000 earthquakes derived from deep-neural-network-based picker (Tan 286 

et a.,2021). The earthquake magnitude evolution in time from each sequence is represented by 287 

a specific color same as in Figure 1. The yellow stars represent the major events for each 288 

sequence. The Time evolution of earthquakes and related magnitude distribution are 289 

constructed using the Zmap software (Wyss & Wiemer.,2000).  290 

 291 

THE 2019 RIDGECREST SEQUENCE  292 

In July 2019, two moderates to strong earthquakes with a magnitude Mw 6.4 and 7.1 struck 293 

Ridgecrest (California) in SWL-ECSZ region. Earthquake ruptures characteristics deduced 294 

from InSAR, source time functions and early aftershock analysis indicate that the Mw 6.4 and 295 

the Mw7.1 earthquakes occurred on conjugate strike-slip faults within a time interval 296 

approximately equal to 34 hours at 12 km distance and 8 to 11 km depth, respectively (Figure 297 

3; Barnhart et al. 2019; Fielding et al. 2020…). Early surface deformation analysis deduced 298 

from Synthetic Aperture Radar Interferogram (InSAR) and focal mechanism analysis indicates 299 

that the 2019-07-04 (Mw6.4) and the 2019-07-06 (Mw7.1) events occurred on NE-SW and 300 

NW-SE trending conjugate strike-slip faults. The Ridgecrest fault zone is a part of the Indian 301 

Wells Valley, which is connected to the Central Basin and Range tectonic province. This area 302 

is bounded on the West by the Sierra Nevada Mountains, on the South by the Garlock fault, and 303 

on the East by the Walker Lane belt (Figure 3). The Little Lake (or Ridgecrest) fault zone 304 

(LLFZ) is defined as an important component of the SWL-ECSZ which accommodates a non-305 
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neglected part of the Pacific-North America plate boundary displacement (Figure 3).  The 306 

seismotectonics of the Ridgecrest region reflects the complex interaction of left lateral and right 307 

lateral conjugate strike slip faults in a variable tectonic regime (Figure 3). The transition from 308 

transpressional regimes near LLFZ  to transtensional regimes at the north of Ridgecrest (near 309 

Coso-Range) agrees with the rotation of the maximum principal stress (Combs 1980) and may 310 

be interpreted as a result of a large weakening mechanism of an immature faults.  311 

Based on the poromechanical model proposed by Rice (1992),  Axen (1992) interprets the 312 

active deformation along the low angle normal fault in the Indian Wells Valley – Coso Range 313 

as a consequence of a weakening mechanism due to abnormally elevated pore-fluid pressure in 314 

both brittle and ductile regime. In this case, the permeability in active fault zone must be higher 315 

than its surrounding rocks. Large volumes of fluid migrate from ductile to brittle zone in active 316 

mylonite area are also observed in relation to the detachment zones in the Central Mojave Desert 317 

(Axen 1992).  The analysis of a  high resolution imaging derived from satellite optical imagery 318 

shows that the presence of inelastic failure related to the 2019 Ridgecrest earthquake sequence 319 

reflects a mylonitic deformation of the fault damage zone (Barnhart et al.,2020). The observed 320 

mylonitic zones are directly correlated to the degree of fault maturity of the Ridgecrest 321 

conjugated ruptures. The analysis of Line of sight (LOS) interferometric Synthetic Aperture 322 

Radar (SAR) displacements following the 2019 Ridgecrest sequence attests that a part of the 323 

observed early 2019 Ridgecrest postseismic deformation is indicative of a poroelastic rebound 324 

(Wang & Bürgmann., 2020). The LOS displacements derived from both Sentinel-1 and 325 

COSMO-SkyMed (CSK) SAR data reveals that the maximum postseismic deformation along 326 

the LOS of ascending satellite tracks is located at the northwest of the Mw 7.1 epicenter near 327 

the Coso geothermal fault zone (Wang & Bürgmann, 2020). Most of the seismicity recorded 328 

before the 2019 Ridgecrest sequence is relatively small (M ≤ 3). The largest event recorded in 329 

SWL is the 1872 M7.5 Owens Valley earthquake (Figure S1; Monastero et al. 2002). The 1872 330 
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M7.5 Owens Valley earthquake is dominated by a right-lateral shearing deformation along the 331 

Owens Valley fault (Figure S1). The recurrence of earthquake with a magnitude M ≥ 5.0 in 332 

SWL is approximatively equal to 20 years with two significant sequences with four moderate 333 

events (M ≥ 5.0) occurred near Ridgecrest city between 1995 and 1998 (Hauksson et al. 1995). 334 

This recurrence pattern has been culminated by the occurrence of the 2019 Ridgecrest sequence 335 

(Mw 6.4; Mw 7.1). The study of the mechanics of earthquake and fault interaction in the context 336 

of conjugate strike-slip faults indicate a clear influence of fluid migration on the occurrence of 337 

moderate to large earthquakes in the SWL tectonic domain (Kariche, 2022). Based on the 338 

Coulomb poroelastic stress change modeling approach, the time delay between two conjugate 339 

strike-slip earthquakes seems to be coupled to the variation in fluid diffusivity along 340 

heterogeneous faults (Kariche, 2022). These observations are in concordance with the Cocco & 341 

Rice (2002) Coulomb stress transfer modeling results taking into account the presence of high 342 

pore fluid pressure at hypocentral depth.  343 

Considering the ~34 hr characteristic time delay of the 2019 Ridgecrest sequence 344 

representing the time delay between the Mw 6.4 foreshock and the Mw 7.1 mainshock (Kariche, 345 

2022) and a fluid viscosity of 3x10-4 Pa.s, the average value of permeability necessary to trigger 346 

the Mw7.1 Ridgecrest event is estimated between 10-14-10-15 m2. Despite the fact that this value 347 

is higher than the value obtained by Cocco and Rice (2002) for normal fault geometries, it 348 

seems to be in a good agreement with the permeability values obtained recently by Miller 349 

(2020) for the 1992 Lander-Big Bear conjugated sequence and based entirely on the conceptual 350 

model of permeability dynamics as proposed by the same author. Also, this permeability value 351 

estimation seems to be in a good agreement with the value obtained by Nespoli et al. (2018) for 352 

the 2012 Emilia-Romagna earthquake sequence. The temporal and spatial evolution of major 353 

events following the Mw 6.4 foreshock sequence may explain the significant increase in the 354 

value of permeability along cracks following the Mw7.1 earthquake. Based on this assumption, 355 
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the temporal distribution of earthquake frequency and related moment release must predict a 356 

temporal fluctuation of the G-R b-value during the 2019 Ridgecrest sequence caused essentially 357 

by the variation of pore-fluid pressure at depth.  358 

 359 

Figure 3: Seismicity along the Southern Walker Lane (SWL)-Eastern California Shear zone 360 

(ECSZ) from 2008 to 27/10/2019 using combined SCEDC QTM catalog (Ross et al. 2019) and 361 

the high definition NEIC-USGS catalog (https://earthquake.usgs.gov/earthquakes/search/). 362 

The color circles indicate the seismicity at different periods:  red from the period between 1980 363 

and July 2019; green for the period covering the 2019 Ridgecrest foreshock activity and 364 

magenta for events following the Mw7.1 mainshock. The stars show the location of the 2019-365 

https://earthquake.usgs.gov/earthquakes/search/
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07-04 (Mw6.4) and the 2019-07-04 (Mw 7.1) earthquakes. The red rectangle in the inset figure 366 

represents the studied area. LLFZ= Little Lake Fault Zone. CR= Coso Range. CA=California 367 

State. NV= Nevada State. 368 

TEMPORAL VARIATION OF B VALUE, FORESHOCK ANALYSIS AND THE ROLE 369 

OF FLUID 370 

As mentioned before, the high quality of seismic catalogs of the Central Apennine and 371 

Southern California regions allows us a robust estimation of the variation of cracks intensity 372 

before, during, and after a moderate to strong earthquake and therefore permits a detailed 373 

analysis of foreshocks activity prior mainshocks. The relation between the temporal variation 374 

of the b-value, foreshocks occurrence, and fluid migration shows that the decrease in b-value 375 

may correlated with the dilatancy-fluid diffusion process that precedes a large earthquake 376 

(Scholz & Kranz, 1974; Scholz, 2019). Based on a laboratory scale acoustic emissions analysis 377 

and fracture mechanics modeling of rocks failure under water-saturated conditions, the increase 378 

in stress concentration during the final stage of dilatancy and the beginning of fluid diffusion 379 

on a dominant rupture occurs when the b-value is lower than 1 (Main et al. 1990). The decrease 380 

in the b-value is also connected to the strain softening and shear localization during the 381 

occurrence of the foreshocks sequence (Main et al. 1990).  382 

In order to explore in detail, the role of fluid before and after a large earthquake, I compare 383 

simultaneously the temporal evolution of the b-value in the Central Apennine with those 384 

following the 2019 Ridgecrest sequence. The analysis of the temporal evolution of the b-value 385 

includes four major sequences: the 1997 Colfiorito (Umbria Marche) sequence, the 2009 386 

L’Aquila sequence, and the 2016 Amatrice-Norcia sequence, and the 2019 Ridgecrest 387 

sequence. To better constrain the b-value time series and as mentioned before, I use the high-388 

resolution catalog proposed by the Istituto Nazionale Di Geofisica E Vulcanologia (INGV) 389 
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combined with the Gasperini et al. (2013) and the Tan et al. (2021) catalogs for the Central 390 

Apennines and the highest confidence QTM seismicity catalog for Southern California (Ross 391 

et al. 2019) aided by the Shelly (2020) catalog for events that occurred during the 2019 392 

Ridgecrest sequence as a seismic input to the b-value time series modeling. The b-value time 393 

series technics consists of analyzing the frequency-magnitude distribution of earthquakes over 394 

variable time windows. This approach based on a fixed number of events allows for better 395 

estimates of the variation of the b-value at each point in time which leads to better constraining 396 

the evolution of seismicity in a region with a high variation in seismicity rate through different 397 

time scales (Tormann et al., 2013). If we suppose that the b-value time series is defined as a 398 

temporal representation of crack distribution in a seismogenic zone, then the b-value magnitude 399 

for each time windows interval is selected with respect to the distribution of the magnitude of 400 

completeness (Mc). The Mc value is assessed for each window interval (with specific N=250 401 

events) after a recutting level, established using the maximum curvature method with a 402 

correction factor of 0.2 for safety. The b-value times series is computed for selected windows 403 

using the maximum-likelihood estimates (Wyss & Wiemer, 2000). I also consider the temporal 404 

change in Mc in the b-value time series computations following each main event in order to 405 

minimize the dependence of the b-value times series from Mc in the selected time windows. 406 

To better constrain the evolution of seismicity near Ridgecrest, I combine the QTM catalog 407 

during the entire period of 2008-2017 with the USGS seismicity catalog covering the period 408 

from January 2017 to Mai 2020. The seismicity database also includes the 2019 Ridgecrest 409 

precise relocation catalog of Shelly (2020). Similar events due to the combination of different 410 

catalogs are detected and eliminated automatically using the Zmap software (Wiemer, 2001). 411 

The Ridgecrest zone is divided into 0.15° x 0.15° grids and the events were selected using a 412 

variable time windows approach. The computation is made regarding the approach based on a 413 

fixed number of events of 250 with a 50 minimum event higher than the local value of Mc by 414 
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using the Maximum curvature method with magnitude binning equal to 0.1.  Considering the 415 

change in the Mc value and for the Ridgecrest earthquake sequence, I obtain an Mc value range 416 

of [0.84, 1.4] before the Mw 6.4 event and [0.66, 1.2] from the period between the Mw 6.4 and 417 

Mw7.1 mainshocks. After the Mw7.1 event, the Mc value range between [0.4, 1.2]. In order to 418 

reduce uncertainties on the b-values estimations, and as mentioned before, I asses Mc using the 419 

maximum curvature approach and I add 0.2 to the value of Mc. I confirm that the value of Mc 420 

that gives a reasonable estimate of the temporal evolution of the b-value is about 1.4, in the 421 

same order as the value proposed by Gulia et al. (2020) for the same sequence. I also verify that 422 

the temporal b-value estimates do not change considering an Mc range of [ 1.1,2.0].  The same 423 

approach is made for the sequences that occurred in Central Apennines. 424 

The temporal evolution of the Mc-value with the distribution of the b-value is evaluated 425 

simultaneously at appropriate time windows in order to reduce uncertainty in the b-value 426 

estimates. The b-value time series are performed for a number of events 50 ≤N≤500 enables us 427 

an appreciable degree of smoothing/damping signals (Figs. S8 & S9). The temporal evolution 428 

of the b-value is based on the earthquake occurrence time approach using a window size range 429 

between 50 to 500 events, which yields an interval sampling rate of approximately 1-12 months. 430 

The b-value time series shows that the shape of the time series is preserved for 100 ≤ N ≤ 500 431 

for both the 2016 Amatrice-Norcia and 2019 Ridgecrest sequences (Figs. S8 & S9). These 432 

results are relatively the same as those obtained by Wyss & McNutt, (1998) in analyzing the 433 

1989 earthquake swarm beneath Mammoth Mountain (CA) or by Tormann et al (2013) in the 434 

modeling of the temporal correlation between the change in the b-value and surface creep of M 435 

6 series of events occurred in Parkfield (CA). 436 

Figure 4 shows the preferred b-value time series for the Ridgecrest case. The optimum time 437 

series calculation is made with a sample size of 250 events at a low window overlap (~4%). 438 

Considering the Mw6.4 earthquake sequence as a Foreshock sequence, the temporal evolution 439 
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of the earthquake size distribution shows an increase in b-value one year before the 2019 440 

Ridgecrest sequence followed by a gradual decrease in b-value ~ one month before the Mw 6.4 441 

foreshock (Figures 4 and 5). After the Mw 6.4 earthquake, the b-value rapidly varies from 442 

minimum to maximum and from maximum to minimum just before the Mw7.1 earthquake 443 

showing major double picks (Figures 4C and 5A) as predicted by the laboratory experiments in 444 

water-saturated specimens (Main et al. 1989). The sudden increase in b-value before the Mw 445 

7.1 earthquake as observed in Figures 4 and 6A is interpreted as a response to pore pressure 446 

drop during the undrained phase of the fluid. This value is close to the value of b ~ 1 during the 447 

left lateral earthquake but the increase in aftershock productivity caused by fluid migration and 448 

pore pressure instability in the ~ 33 hours preceding the Mw7.1 right lateral earthquake tends 449 

to re-decrease the b-value to ~ 0.5 creating a double b-value minima as observed in Figures 4C, 450 

5A, 5C and 6A.  451 

The presence of off-fault damage accumulation and fluid redistribution tends to decrease 452 

rapidly the b-value and creates a slip instability promoting the next Mw7.1 failure (Figures 4, 453 

5, and 6A). In this case, the minimum doublet b-value as observed in the b-value time series 454 

may be interpreted as a local dilatancy hardening phase resulting from fluid migration along 455 

conjugated fault ruptures. At this time, the fluid migration at a short time-scale requires a 456 

significant evolution of the permeability along fault ruptures. Based on this assumption and 457 

other considerations in relation to the stress change induced by fault geometries in a spring-458 

slider model for dilating fluid-infiltrated fault (Segall & Rice, 1995; Chambon & Rudnicki, 459 

2001), the temporal fluctuation of the b-value related to the 2019 Ridgecrest sequence seems to 460 

be controlled by slip instability due essentially to the pore pressure fluctuation caused by fluid 461 

migration along the heterogeneous fault zone. 462 
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 463 

Figure 4: Earthquake size distribution estimates for the Ridgecrest fault zone area. A) b-value 464 

time series spanning the period from 2000 to 2020 using the highest confidence QTM seismicity catalog 465 

for Southern California (Ross et al. 2019) combined with the high definition USGS-NEIC catalog. The 466 

identical events were found and automatically fixed using the Zmap software. The b-value time series 467 

were computed using the maximum curvature approach for a moving window of 500 events with a step 468 

size of 50 events. The window overlap is fixed at 4%.  The Standard deviation of the b-value (δb) is 469 

represented by a dashed grey line and is obtained using the maximum likelihood estimation approach 470 

(Shi & Bolt 1982). B) Zoom-in figure for the period from February 2019 to January 2020. C) Zoom-in 471 

figure for the period from ~ 2 weeks before the 2019 Mw 6.4 first earthquake to August 01, 2020, but by 472 

adding a high smoothing plot factor (~ 6) to the b-value estimations. 473 

 474 

Note that the temporal b-value instability associated with the pore pressure fluctuation 475 

continues during the two months following the Mw7.1 earthquake (Figures 4B and C). The ~ 476 



Manuscript is a non-peer reviewed submitted to Geophysical Journal International 

two-month instability period may also represent the duration of the Mw 7.1 poroelastic rebound. 477 

Also, the similarities between the temporal evolution of the b-value for the 2019 Ridgecrest and 478 

the 2016 Amatrice-Norcia sequences (Figure 6 A and B) may suggest an analog physical 479 

mechanism controlling the foreshock occurrence for both sequences.  480 

 481 

Figure 5: Spatio-temporal evolution of the b-value associated with the 2019 Ridgecrest sequence: A) 482 

cross-section showing b-value distribution before the Mw7.1 earthquake. B) Cross-section showing a 483 

b-value distribution after the Mw7.1 earthquake. C) Frequency-Magnitude Distributions (FMD) 484 

around the Mw7.1hypocentral area before and after the Mw7.1 event: the green curve represents the 485 

G-R distribution before the Mw7.1 event, the blue curve represents the G-R distribution after the 486 

Mw7.1 and the gray curve represents the background FMD distribution. The dashed colored circles in 487 

A) and B) represent the locations of events used in C).  D) Position of the cross-section with respect to 488 
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the surface distribution of the Ridgecrest fault ruptures. The Ridgecrest Fault-ruptures are from Xu et 489 

al., (2020). The Quaternary faults are from the USGS.   490 

Indeed, the b-value anomalies as in figure 6B also coincide with the hydrogeological and 491 

geological anomalies observed in the months before and during the onset of the Amatrice-492 

Norcia sequence (Barberio et al.,2017). These anomalies are interpreted as the consequence of 493 

a deep crustal fluid migration along major active ruptures (Barberio et al. 2017). The 494 

hydrogeochemical changes observed in a group of springs in the central Apennines (Barberio 495 

et al. 2017) with the increase in the content of Cr, Fe, and V in a calcium carbonate aquifer 496 

during the months before the 2016 Amatrice-Norcia sequence also agree with the change in 497 

earthquake size distribution (Figure 6B) and denote clear evidence of fluid migration 498 

following the 2016 Amatrice-Norcia sequence.  Also, the double b-value minima as observed 499 

in figure 6B correlates with the relative crustal velocity fluctuation observed in Amatrice-500 

Norcia seismogenic zone (Soldati et al., 2019). 501 

Considering the case of the 1997 Colfiorito sequence, the gradual decrease in b-value prior 502 

to the foreshock sequence (Figure 7C) seems to be concordant with the fracture model of Main 503 

et al. (1990). Adopting the Main et al (1990) experimental model of cracks, the temporal 504 

evolution of the b-value may be defined here as a rapid failure after periods of strain hardening 505 

and strain softening due essentially to the pore-fluid diffusion process. The dilatancy softening 506 

phase related to the 1997 Colfiorito sequence seems to be controlled by the fluid migration 507 

along fault zones where the stress intensity is highly coupled to the temporal variation in 508 

effective normal stress. Considering the Terzaghi Law, the fluid diffusion phase will play a 509 

crucial role in accelerating seismicity by decreasing the magnitude of effective normal stress 510 

acting along cracks promoting the occurrence of fast slip episodes at a short time scale.   511 
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The time evolution of the b-value following the 2009 L’Aquila sequence differs from those 512 

obtained for the 2016 –Amatrice-Norcia and the 2019 Ridgecrest sequences (Figure 6 and 8). 513 

This difference may be due to the presence of a large deep fluid reservoir near L’Aquila fault 514 

zone which maintains a high pore fluid pressure during a large period of time. Indeed, the 515 

InSAR time series analysis related to the central Appenine earthquakes reveals that the 516 

sedimentary basin nearby the L’Aquila fault zone had experienced about 10 mm of accelerating 517 

subsidence in the years prior the L’Aquila mainshock (Moro et al. 2017) in agreement with the 518 

observed change in the frequency of the b-value time series (Figure 8).  519 

The accelerating subsidence is viewed as a consequence of large pre-earthquake fluid 520 

migration along the fault zone (Moro et al. 2017). Based on our estimation of the b-value 521 

(Figures 7 and 8) and ground deformation estimated from SAR imagery (Moro et al. 2017), the 522 

acceleration of subsidence is interpreted here as probably due to large dilatancy-fluid diffusion 523 

processes that control the temporal fluctuations of the b-value at a large time scale. The analysis 524 

of the Time-magnitude series shows a gradual decrease in the number of events with magnitude 525 

M<3 associated with an increase of events with magnitude >3.5 in good agreement with the 526 

change in the b-value time series (Figures 7 A and 8). A second phase with an apparent increase 527 

of small magnitude earthquakes accompanied by a decrease in the number of events with a 528 

magnitude Mw larger than 3.5 is observed in the ~ months prior to the 2009 L’Aquila 529 

mainshock (Figures 7 A and 8). The gradual increase of micro-seismic events observed in the 530 

two months prior to the L’Aquila mainshock is highly coupled with the gradual decrease in the 531 

b-value (Figure 8). 532 
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 533 

Figure 6: Comparison between b-value time series analysis following: A) 2019 Ridgecrest sequence 534 

and B) 2016 Amatrice-Norcia sequence. The two figures show a double pick during the foreshock –535 

mainshock period as predicted by the laboratory experiments on water saturated specimens. The b-536 

value time series is performed using the combined high resolution NEIC-USGS catalogs and 537 

supplemented by the Shelly (2020) catalog for events that occurred during the 2019 Ridgecrest 538 

foreshock-mainshock sequence. The b-value time series for the 2016 Amatrice-Norcia sequence is 539 

performed using the entire catalog of the INGV combined with the local catalogs published by Gulia et 540 
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al. (2019). The b-values time series are computed using ZMAP7.0. For both sequences, the uncertainty 541 

estimation is obtained by 100 bootstraps related to windows size of 200 events. The windows overlap is 542 

fixed at 2 %.  543 

 544 

 545 

Figure 7. A)  Earthquake magnitude versus time for the central Appennines covering the periods 546 

between 1996 to 2009 and  using combined catalogs of INGV and Gasperini et al (2013) catalogs. The 547 

yellow stars represent the position of the 2019 Mw 6.0 Colfiorito and the Mw6.3 L'Aquila mainshocks. 548 

B) Mc-value time series using the same catalogs as A) and covering the periods between 1998 to 2009. 549 
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The magnitude of completeness (Mc) varies in times from 2.5 (before 1997) to 1.4 (after 2005) with 550 

uncertainties δMc equals to 0.15 and 0.18 respectively. C) Temporal evolution of the G-R b-value in the 551 

central Appennines covering the same periods as in A. The shape of the b-value time series as proposed 552 

here and taking into account the temporal variation of Mc is similar to the b-value computation by 553 

supposing a fixed Mc value of 2.6 using N ~250 fixed sample size windows with 100 bootstraps. 554 

The tendency of the b-value time series during the last phase of the L’Aquila interseismic 555 

period is interpreted here as an influx of pore fluid into a dilatant volume near the nucleation 556 

zone. The increase in the magnitude of foreshocks just before the L’Aquila mainshock (Figure 557 

8) affect considerably the temporal evolution of the b-value by creating a sudden drop in the b-558 

value. The Time-shift between the start of foreshocks and the b-value decrease seems to 559 

correlate with the gradual increase in microseismic events followed by a sudden increase in 560 

earthquakes with magnitude M>=3.0 (Figure 8). This complex distribution of events may be 561 

seen as a complex evolution of the effective stress drop denoting a complex earthquake 562 

preparation conjugated to a complex distribution of the fluid flow process in a heterogeneous 563 

fault zone.  564 

 565 
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 566 

Figure 8 Temporal evolution of the G-R b-value (in red) and the cumulative number of 567 

earthquakes (in blue) during the Foreshock period priors to the Mw6.3 L'Aquila earthquake 568 

using the entire catalogs of Gasperini et al (2013). The b-value time series is obtained using a 569 

sample windows size of 150 events with 100 bootstraps. For safety, the Mc correction value is 570 

fixed at 0.2 comparable to the value used for the predictive foreshock model of Gulia et al 571 

(2016). The black stars represent the position of the Mw 6.3 L'Aquila mainshock.  572 

 573 

STRESS ANALYSIS, TEMPORAL EVOLUTION OF AFTERSHOCK AND THE 574 

WEAKNESS OF ACTIVE FAULTS 575 

As shown in the previous section, the occurrence of moderate to strong earthquakes along 576 

the SWL-ECSZ and Central Apennines zones may be coupled with the fluid migration along 577 

heterogeneous fault zones causing abnormally elevated pore pressure and promoting the 578 

occurrence of moderate to large earthquakes. Based on the Coulomb failure criterion, the 579 

dynamic poroelastic stress change modeling following the Ridgecrest Mw6.4 left lateral event 580 

shows a high value of stress at the nucleation area of the Mw 7.1 right-lateral rupture (Figure 581 
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9A) when the purely elastic stress modeling predicts an absence of earthquake activities (Figure 582 

9B; Lozos & Harris, 2020; Kariche, 2022). One of the possible explanations for the temporal 583 

evolution of stress change values from negative to positive as shown in figure 9 is the fluid 584 

redistribution along conjugated fault ruptures which creates favorable conditions for a 585 

weakening mechanism by increasing pore-fluid pressure along the right-lateral major fault 586 

rupture and in fact, promoting the occurrence of the Mw7.1 earthquake. The rupturing process 587 

on conjugated strike-slip faults assisted by fluid migration is not unusual. Using a typical 588 

undrained and drained Poisson ratios for a Berea sandstone, the modeling of the Coulomb 589 

failure function per unit of stress drop caused by the 1987 Elmore-Ranche event (Mw 6.2) on 590 

the conjugated Superstition Hills fault (Mw6.6) show a maximum stress value in the ~11 hr 591 

following the Mw 6.2 event (Hudnut et al, 1989). For the 2019 Ridgecrest sequence, the 592 

Coulomb stress change modeling taking into account the effect of fluids reveals that the ~33hr 593 

time delay between mainshocks may viewed as a triggering mechanism controlled by the fluid-594 

flow process (Figure 9A; see also figure S5 on Kariche, 2022). The value of fluid diffusivity is 595 

relatively low to the value obtained for the Superstition Hills sequence (Kariche, 2022) and may 596 

denote that the fluid migration along faults controls the time delay between earthquakes.  597 
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 598 

Figure 9:  A) Short–term poroelastic stress change modeling following the Mw6.4 earthquake on 599 

receiver fault planes with Strike /Dip/ Rake = 143°/85°/-165° at 8km depth. The post-seismic stress 600 

redistribution following the 04-07 (M6.4) from the undrained state to the drained fluid state using 601 

extreme undrained and drained Poisson ration values (υu, υ = 0.31, 0.15).  These values are interpreted 602 

as a consequence of a high variation in rock rheology before and during the Mw6.4 earthquake. B) Co 603 

seismic stress transfer caused by the Mw6.4 earthquake on receiver fault planes with Strike /Dip/ Rake 604 

= 143°/85°/-165 at 8 km depth. The co-seismic stress modeling is performed using simple conjugate 605 

fault geometries. 606 

Considering a model of friction which assumes that the frictional stress 𝜎𝑓 is proportional 607 

to the shear stress magnitude after an earthquake, and if we argue that the stress difference 608 

following an earthquake is coupled to the radiated wave energy 𝐸𝑠 , then an average dynamic 609 

stress drop ∆𝜎𝑑  ̅̅ ̅̅ can be expressed by using the simple solution as (Kanamori ,1994):  610 



Manuscript is a non-peer reviewed submitted to Geophysical Journal International 

∆𝜎𝑑̅̅ ̅ =  
𝐸𝑠 (𝐽)

𝑀0 (𝑁.𝑚)
 × 2𝜇 ……(9) 611 

where μ is the rigidity and M0 is the seismic moment.  612 

The radiated energy can be estimated by using the equation (Kanamori, 1994):  613 

   𝐸𝑠 (𝐽) = 
1

2
 𝑆𝐷 ̅(𝜎0 − 𝜎1). ……..(10) 614 

where 𝑆  represents the surface area of the crack, �̅� represents the average crack displacement 615 

during an earthquake and the 𝜎0 − 𝜎1 is defined as the differential stress. The value of  𝐸𝑠 (𝐽) 616 

can also be obtained directly by analyzing the seismic wave form.  617 

By using equation 9 and 10 for a value of M0 and Es deduced from the 2019 Ridgecrest 618 

source time functions extracted from the Incorporated Research Institutions for Seismology 619 

(IRIS), I estimate an average dynamic value of stress drop for the Mw 7.1 Ridgecrest earthquake 620 

as equal to Δσd ~ 20 bars for a coefficient of rigidity ~ 3.1011 dyne/cm2. This value is ~ three 621 

times less than the value of static stress drop Δσs for the same event obtained by joint focal 622 

mechanism, GPS , and InSAR data (Barnhart et al. 2019; Sheng & Meng 2020). The value of 623 

Δσd for the Ridgecrest main event is relatively low compared to those obtained by Shearer et 624 

al. (2006) for the major earthquakes that occurred in Southern California. Even so, the temporal 625 

anisotropy in stress drop following Ridgecrest (from static to dynamic) concurs with spatial 626 

heterogeneity in the stress drop along the SWL-ECSZ (Shearer et al.,2006; Hauksson, 2015). 627 

The analysis of a large set of focal mechanisms in the SWL-ECSZ shows a high anisotropy in 628 

stress drop distribution from the Garlock fault zone to Ridgecrest (Hauksson, 2015). The stress 629 

drop starts low near the left lateral Garlock fault, increases to the northwest near Ridgecrest 630 

faults, and finally, reaches the minimum at the Coso geothermal area (Hauksson, 2015). Also, 631 

the spatial variation in stress drop is in good agreement with the rotation of the maximum 632 

horizontal stress (SHmax) (Yang & Hauksson, 2013). The variation in stress drop combined 633 
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with the SHmax rotation may suggest the presence of weak zones outside the Ridgecrest 634 

conjugate fault systems which are probably connected to an abnormal fluid pressure due to fluid 635 

migration at depth. According to the time-dependent composite model of Kanamori (1994), the 636 

decrease in stress drop from static to dynamic following the Mw7.1 Ridgecrest earthquake may 637 

be interpreted as a result of a dynamic weakening mechanism caused essentially by abnormal 638 

fluid pressure. In this case, the stress drop starts in the same order as the static stress drop and 639 

decreases in time during the pore-fluid pressure redistribution.  640 

The elevated pore pressure due to the fluid migration in heterogeneous fault zone tends to 641 

affect the value of permeability and creates an area with a low-stress drop tendency. Based on 642 

the poromechanical model of Byerlee (1992), I found that the permeability along the Ridgecrest 643 

fault zone increases by a factor of 103 following the Mw7.1 mainshock. Similar results 644 

including causative relations between the evolution of pore-fluid pressure and the variation in 645 

stress drop are also found in analyzing stress anomalies on major active faults in Southern 646 

California (Bird, 2017) and in fault strength analysis of active fault ruptures (Copley, 2018). 647 

Based on these considerations, the temporal and spatial evolution in stress drop can not only be 648 

explained by the variation of the frictional property of rocks. Our results tend to validate the 649 

role of fluid in controlling both nucleation and the size of major fault ruptures in the SWL-650 

ECSZ (Tong et al., 2021; Kariche, 2022). Note that the possible role of pore pressure variation 651 

on the complex distribution of stress drop during the 2019 Ridgecrest sequence was also 652 

examined by Trugman, (2020). 653 

The fluid migration during an earthquake may also affect the productivity of aftershocks. 654 

Figure 10 shows a comparison between the cumulative stress change modeling caused by the 655 

full poroelastic relaxation of the Mw7.1 Ridgecrest using different values of drained υ and 656 

undrained υu Poisson ratio and the spatial distribution of aftershocks following the Mw7.1 657 

Ridgecrest earthquake. Figure 10 (A, B, and C) shows a correlation between: 1) the evolution 658 
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of stress change following the Mw 7.1 earthquake, 2) the fluid diffusion process and 3) the 659 

spatial distribution of a part of aftershocks nearby and at NNW of the Mw7.1 epicenter. The 660 

values of υu and υ used in Figure 10 might be associated with water-saturated rocks in the upper 661 

few kilometers of the seismogenic zone (h≤ 15km). The fluid-diffusion process associate to the 662 

2019 Ridgecrest sequence is supposed to act locally (Figures 9 and 10).  The Coulomb stress 663 

change modeling result at half of the seismogenic zone and taking into account the diffuse effect 664 

of fluids shows an increase in stress change values near the epicentral area of the Mw7.1 event 665 

(Figure 9A). Also, the full poroelastic relaxation caused by the Mw7.1 of faults parallel to the 666 

main rupture seems to mimic the spatial distribution of aftershocks at the northern part of the 667 

Mw7.1 main rupture (Figure 10A, B, and D).  On the contrary, for the southern part of the 668 

Mw7.1 Ridgecrest fault zone, the triggering mechanism seems to be independent of the fluid 669 

diffusion process (Figures 10 A, B, and C). These results agree with the idea that the aftershocks 670 

generation following the 2019 Ridgecrest earthquake is complex and may relate to both afterslip 671 

and poroelastic relaxation processes. Indeed, the analysis of the co and the early postseismic 672 

surface deformation (~ 2 months of deformation) following the 2019 Ridgecrest shows that the 673 

~ one month observed postseismic deformation is associated with both afterslip and poroelastic 674 

rebound (Wang & Bürgmann, 2020). Based on the surface deformation analysis (Wang & 675 

Bürgmann, 2020) and stress change modeling results (Figure 10), I suggest that the seismicity 676 

rate associated with the southern part of the Mw7.1 main fault is mainly defined as a model 677 

based on afterslip evolution as reported by the time series analysis from the B921 strainmeter 678 

located in the same area (Hirakawa & Barbour, 2020) while the early aftershock generation in 679 

the northern part seems to be mainly due to the poroelastic rebound of the Mw7.1 mainshock 680 

(Figure 10 B and D). 681 
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 682 

Figure 10: Cumulative stress change due to the full poroelastic rebound following the Mw7.1 683 

Ridgecrest earthquake on right lateral fixed receiver fault planes parallel to the Mw7.1 main rupture.  684 

A) poroelastic stress change modeling using a typical value of undrained and drained Poisson 685 

ratio(υu,υ)=(0.31,0.25). B) poroelastic stress change modeling using the extreme value of undrained 686 

and drained Poisson ratio (υu,υ)=(0.31,0.15). C) Temporal evolution of seismicity at depth following 687 

the 06-07-2019 (Mw 7.1) mainshock. D) Poroelastic stress change profiles caused by the full relaxation 688 

of the Mw7.1 earthquake along parallel right-lateral fault ruptures. The seismicity databases are from 689 

NEIC-USGS. The stress change modeling is fixed at 8 km depth.   690 

 691 

In order to explore in detail, the mechanism of post-seismic deformation following the 2019 692 

Ridgecrest sequence and related fluid migration, I analyze the temporal evolution of the 693 

aftershock frequency rate associated with the Mw7.1 earthquake and I compare it with the 694 

case of the central Apennines. Figure 11 shows a comparison between the effect of fluid 695 

redistribution on aftershocks occurrence following the Mw6.0 Colfiorito and the Mw7.1 696 

Ridgecrest earthquakes. Figure 11 (A and C) shows strong similarities between the temporal 697 

evolution of the aftershock sequence following the two earthquakes (Figure 11 A and C). The 698 
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aftershock frequency rate curve starts with a rate decay of 1/√t, while it became equal to 1/t in 699 

days to one month after the 1997 Colfiorito and Mw7.1 Ridgecrest mainshocks as predicted 700 

by the pore-fluid diffusion equation (see equation 8 in the methodology section). Based on the 701 

pore fluid flow hypothesis, the 1/√t decay is interpreted as an increase in aftershocks 702 

productivity due to the pore fluid diffusion along the fault zone. Figure 11C shows that at a 703 

short-time scale, a part of the aftershocks productivity is controlled by the fluid migration 704 

along the fault zone creating an aftershocks expansion area inside and outside the main 705 

Ridgecrest fault plane. The increase in aftershocks productivity is also observed in Omori fit 706 

curve when the seismicity rate shows additional aftershocks in the ~ 10-20 days after the 707 

Mw6.0 Colfiorito and in the ~ 5-20 days after the Mw7.1 Ridgecrest mainshock (Figure 11B 708 

and D) which cannot be explained by the aftershock rate decrease as predicted by the Omori 709 

Law. These results are also validated by the abnormalities in aftershock activity observed in 710 

monitoring the temporal and spatial seismic activity following the Mw 6.4 Ridgecrest 711 

earthquake (Ogata & Omi, 2020). In addition, the duration of the increase in aftershocks 712 

activity (Figure 11D) seems to follow the duration of pore-fluid instability as estimated by the 713 

b-value time series (Figure 4C). Note that the underproduction of aftershocks as seen just after 714 

the Mw7.1 mainshock (Figure 11C) may due to the under-reporting of small events in relation 715 

to the incompleteness of the seismic catalogs soon after mainshock. 716 

The spatiotemporal distribution of aftershocks following the 2019 Ridgecrest earthquake 717 

is complex (Ross et al. 2019; Trugmaan 2020). The complex slip distribution and the 718 

heterogeneity in fault zone tend to maintain elevated fluid pressure and in fact, increase 719 

aftershock productivity. These results are also valid for the Central Apennines sequences.  720 
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 721 

Figure 11: Representation of the temporal postseismic effect following the Mw 6.0 Colfiorito 722 

and Ridgecrest earthquakes. A) Seismicity rate change versus time following the Mw 6.0 723 

Colfiorito earthquake.  B) Comparison of observed seismicity (blue) and the Omori fit (green) 724 

using the Zmap algorithm for 50 days’ time windows following the Mw6.0 Colfiorito 725 

mainshock. C) Seismicity rate change versus time following the Mw 7.1 Ridgecrest earthquake. 726 

D) Comparison of observed seismicity (blue) and the Omori fit (green) following the Mw7.1 727 

Ridgecrest mainshock using the Zmap algorithm for 50 days’ time windows. For the aftershock 728 

frequency vs time curves, the value of c is fixed to 0.01 d for Panels A and C and suppose 729 

variable (from 2.4 to 5) for Panels B and D. The yellow stars represent the position of the 730 

second major choc for each sequence. The relative earthquake rate change (red curve in D) is 731 

obtained from the change in slope of the cumulative number curve using a Habermann function 732 

regardless of the time of greatest change and comparing the rate in the two parts of the period 733 

(before and after the division point) by fit-time windows function (Wyss & Habermann, 1988; 734 
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Wyss & Wiemer 2000), the time variation function defines the variation between the rate before 735 

and after at local time-scale. 736 

DISCUSSION AND CONCLUSIONS 737 

The high quality of the Southern California and central Apennines earthquake catalogs 738 

offers us the possibility to study in details the evolution of seismicity and related fluid migration 739 

at different time scale. The evolution of seismicity near Ridgecrest and central Apennines 740 

reveals that the temporal variation in b-value is probably due to the stress-fluid redistribution 741 

along active faults. The b-value time series modeling shows a gradual decrease in the b-value 742 

for all sequences. Based on previous laboratory experiments on water-saturated specimens 743 

(Main et al., 1990; Sammonds et al., 1992; Proctor et al., 2020), the gradual decrease in the b-744 

value may be interpreted as a dilatancy softening mechanism caused by an increase in pore fluid 745 

pressure before each seismic event. The remarkable similarities between the evolution of the b-746 

value following the 2019 Ridgecrest and the 2016 Amatrice-Norcia sequences represented by 747 

two b-value minima are probably due to similarities in mechanisms controlling the temporal 748 

evolution of foreshock-mainshock sequences. The duration of the first b-value peak scale with 749 

the magnitude of the first foreshock while the duration of the second peak (33 hr for Ridgecrest 750 

and 4 days for Amatrice-Norcia) appears to be independent of the magnitude of related 751 

foreshocks-mainshocks. Based on the coupled b-value –stress intensity laboratory experiments, 752 

the duration of the second picks may be interpreted as a short term poroelastic stress 753 

redistribution following a fast slip episode. Also, the temporal evolution of b-value for the 754 

Ridgecrest and the central Apennines fault zone seems to be in good agreement with the fracture 755 

mechanics model of water-saturated specimens as proposed by Main et al. (1989) who predict 756 

an increase in acoustic emission rate in the dilatancy fluid diffusion phase when the static and 757 

dynamic stress drop are not necessarily equals. My estimation of the average dynamic stress 758 

drop following the 2016 Ridgecrest earthquake is three times less than the static stress drop 759 
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obtained by Barnhart et al. (2019) from joint focal mechanism and GPS and InSAR data. Based 760 

on a direct measurement of pore pressure by using a miniature pressure transducer placed on 761 

hydraulically faults network, Proctor et al. (2020) show that the effect of pore fluid pressure 762 

variation exerts a fundamental control on earthquake rupture initiation and may exceed the 763 

change from static to dynamic frictional properties of ruptures as predicted by the rate and state 764 

friction laws.  765 

The idea that the fluids affect the change in the b-value is not inevitably contradicting the 766 

explanation proposed by different authors that the b-value may act as a stress meter (e.g Goebel 767 

et al., 2013; Scholz, 2015). The conceptual models proposed here suppose that the decrease in 768 

the b-value before foreshock is followed by an acceleration in crack growth and eventually an 769 

increase in differential stress over time. The only difference may relate to the modeling of the 770 

stress evolution from the period between foreshock and mainshock where the acceleration of 771 

crack front would expect a decrease in elastic stress. At this time, the decrease in elastic stress 772 

is compensated by the increase in pore fluid pressure in time and therefore increases the 773 

Coulomb stress change on the receiver faults responsible for large rupturing process. In this 774 

study, the elevated pore-fluid pressure due to the fluid migration in heterogeneous fault zone 775 

tends to affect the value of permeability and creates an area with a low stress drop tendency. 776 

Also, the occurrence of the Mw7.1 Ridgecrest right-lateral earthquake is not necessarily 777 

associated with the presence of a large deep fluid reservoir. The rapid fluctuation of the b-value 778 

just before the Mw7.1 may denote a rapid influx of fluid from surrounding rocks creating a pore 779 

fluid instability on nearby heterogeneous fault ruptures. The temporal evolution of fault 780 

permeability and related pore-fluid diffusion appears to be a crucial element in the apprehension 781 

of the difference in the time delay between earthquakes in the central Apennines and the SWL-782 

ECSZ. The variation in earthquake time delay from hours to days for our studied sequences is 783 
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in good agreement with the values of fluid diffusivity obtained following: the 1997 Colfiorito, 784 

the 2016 Amatrice-Norcia, and the 2019 Ridgecrest sequences.  785 

In the same register, Gulia et al. (2020) developed a real-time earthquake monitoring 786 

system based on a traffic–light classification that uses the temporal change in b-value to 787 

constrain whether an ongoing earthquake sequence represents a decaying aftershocks phase or 788 

precursors to an upcoming large event. Dascher‐Cousineau et al. (2020) published a paper that 789 

points out that the methodology proposed by Gulia et al. (2020) gives results in terms of 790 

evaluating the risk of a large impending earthquake during the Mw6.4 Ridgecrest foreshock, 791 

this method fails to predict the onset of the Mw7.1 sequence. Also, Dascher-Cousineau et al. 792 

(2020) show that for the case of the 2019 Ridgecrest sequence, anomalous earthquake 793 

productivity in adjacent regions may affect the background b-values and generate a false alarm. 794 

In this study, the b-value time series interpretation taking into account the poroelastic properties 795 

of the seismogenic zone shows difficulties to establish a good correlation between the duration 796 

of the foreshock activities and the magnitude of the next largest expected earthquake. Despite 797 

the fact that the inverse dependency of the b-value and the applied stress appears to be a 798 

reasonable interpretation of the b-value drop prior to the Italian and Californian sequences 799 

(Gulia & Wiemer, 2019; Gulia et al. 2020), the fluctuations of the b-value following the 2019 800 

Ridgecrest and 2016 Amatrice foreshock sequences characterized by a double minimum seem 801 

to unfollow the hypothesis that the drop in the b-value before mainshocks is only due to the 802 

presence of high-stress levels on receiver main ruptures. This means that the magnitude of the 803 

large expected earthquake is probably controlled by the variations in pore-fluid pressure rather 804 

than the maximum differential stress.  805 

Based on our results, detailed knowledge of geological structures, substratum permeability 806 

and a robust evaluation of the pore fluid effect with a better constrain of seismicity and strain 807 
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rate before and during seismic sequences in addition to the statistical forecast methods appears 808 

to be fundamental for the seismic hazard assessment and any decision making.   809 
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Figure S1 

Seismotectonic map of the southern Walker Lane including the 1872 Owens Valley 

earthquake and its major aftershocks. The 1872 Owens Valley focal mechanism solutions and 

locations are from Deng & Sykes. (1997). The fault ruptures trace associated with the 1872 

Owens Valley earthquake is represented by thick lines.  The focal solutions of the Mw 6.4 and 

Mw 7.1 Ridgecrest earthquakes are from USGS-NEIC. The fault trace related to the 2019 

Ridgecrest sequence (thick lines) is from Ross et al. (2019). The Quaternary active faults 

associated with the Walker Lane domain and ECSZ are from the USGS database 

(https://earthquake.usgs.gov/hazards/qfaults/, last updated in 2017). 

Figure S2 

Seismicity analysis along the central Apennines spanning the period from 1985 to 01/01/2009  

A) Map of seismicity centered on the 1997 Colfiorito earthquake sequences. The yellow stars 

represent the location of major events with Mw>5.0. The blue lines represent the location of 

major actives faults in central Italy obtained from the EDSF project (Basili et al., 2013). The 

green lines represent the surface projection of the Colfiori faults plane (based on the rupture 

model of Hernandez et al.(2004). The purple lines represent the updated actives faults for 



Central Apennines extracted from the Fault2SHA project (Scotti et al., 2021). B) Depth through 

time cross-section for a period between 1985 to pre-L’Aquila mainshock.  

 C) Cross-section along rectangular volume (in red in Figure S1A) oriented NW-SE. The 

yellows stars are major earthquakes related to the 1997 Colfiorito sequence as shown in the 

paper (figure 1). Note that the selected events for Cross-section in B) and C) are the earthquakes 

inside the Cross-section CC’.   

Figure S3 

Seismicity analysis along the central Apennines covering the period from 01/01/2009 to 

01/05/2009. 

A) Map of seismic events related to the 06/04/2009 (Mw 6.3) L'Aquila sequence. The black 

rectangles represent plotted seismicity start on January 1, 2009 and finish just before the Mw6.3 

L’Aquila mainshocks. The grey rectangles represent the aftershocks activity following the 

Mw6.3 2009 L'Aquila earthquake and cut on June14, 2009. The yellow stars represent the 

location of the L'Aquila mainshock. B) Frequency Magnitude Distribution FMD in the ~ 3 

months before the L'Aquila earthquake. The b and Mc values are obtained by a maximum 

curvature estimate (Wiemer & Wyss, 2000). C) Time–depth cross-section of ~3-month 

seismicity before the L'Aquila mainshock.  

Figure S4 

 Seismicity analysis following the 2016 (Mw6.5) Norcia sequence. 

 A) Aftershock distribution related to the Mw6.5 30/10/2016 Norcia earthquake. The yellow 

star represents the location of the mainshock, the grey star represents the location of the 

24/08/2016 Amatrice Foreshock. B) Cumulative events time series in the Norcia basin spanning 



the period from 1985 to 2017. C) FMD associated with the 2016 Norcia earthquake sequence, 

uncertainties are obtained by maximum curvature estimate (Wiemer & Wyss, 2000).    

Figure S5 

Seismicity analysis in Southern California.  

A) Spatial distribution of seismicity in ECSZ spanning the period from 2000 to 2019. B) 

Cumulative earthquakes time series plot in ECSZ from periods range from 2000 to 2019, the 

yellow stars represent the time location of the Mw6.4 Foreshock and the Mw7.1 mainshock. C) 

FMD for the 2019 Ridgecrest earthquake sequence. The Magnitude of completeness is obtained 

using the maximum likelihood approach. The G-R values (a and b) are obtained using the 

maximum curvature estimate. The earthquake catalog using for this supplemental material is 

the same as in the main article.  

Figure S6 

Time evolution of the number of earthquakes from 2000 to August 2019 associated to a  

seismogenic volume around the Ridgecrest fault zone through each point of the b-value time 

series. The b-value time series was performed using time windows with selected earthquakes 

with radius R~ 30 km centered at coordinate = (-117,7243°, 35.7031°).  The calculation 

method is based on the Maximum curvature approach with sample windows size = 250 events 

and windows overlap of 4%.      

Figure S7 

Time evolution of the number of earthquakes from 2007 to August 2017 associated to the 

central Appennines fault zone through each point of the b-value time series. The calculation 

method is the same as in the Figure S6.  

Figure S8 



Comparison of b-value time-series for various constant number of event N associated to the 

2016 Amatrice earthquake sequence. The sampling technique is based on using a moving 

windows approach of a fixed number of N events. This approach gives a robust estimate from 

different lengths of time windows. The b-value time series show that the shape of time series 

is preserved for 100≤ N ≤500.  

Figure S9 

 Comparison of b-value time-series for various constant number of event N associated to the 

2019 Ridgecrest earthquake sequence. The sampling technique is the same as in figure S9. As 

for the Amatrice case, the b-value time series show that the shape of time series is preserved 

for 100≤ N ≤500.  

Figure S10 

Geographical footprint related to the selected earthquake (datasets on the polygon) and used 

to construct Figure 7 of the manuscript. As for Figure 7, the catalog used here is defined as 

the combination of the INGV and the Gasperini et al. (2013) catalogs. For all Figures, the 

seismicity analysis is made using the Zmap 7 software (Reyes & Wiemer, 2020).   
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