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ABSTRACT 19 

The thickness of the seismogenic zone in the Earth’s crust plays an important role in seismo-20 

tectonics, affecting fault system architecture and relative fault activity, earthquake size and 21 

distribution within a fault system, and long-term accumulation of tectonic deformation. Within the 22 

last two decades, several studies have revealed that aftershocks of large continental earthquakes 23 

may occur below the background depth of the seismogenic zone, i.e., below the seismic-aseismic 24 

transition zone. This observation may be explained with a strain- and strain-rate induced shift in 25 

rheological behavior that follows large mainshocks, transiently changing the deformation style 26 

below the seismogenic zone from incipient ductile to seismically brittle failure. As large 27 

earthquakes transiently deepen the seismic-aseismic transition zone, it is plausible to assume that 28 

larger mainshocks may cause stronger deepening than smaller mainshocks. Corresponding 29 

observations however have not yet been reported. Here, we use well-located seismic catalogs from 30 

Alaska, California, Japan, and Turkey to analyze if mainshock size positively correlates with the 31 

amount of transient deepening of the seismic-aseismic tranition zone. We compare the depths of 32 

background seismicity with aftershock depths of 16 continental strike-slip earthquakes  33 

(6<=M<=7.8) and find that, indeed, large mainshocks cause stronger transient deepening than 34 

moderately-sized mainshocks. We further suggest that this deepening effect also applies to the 35 

mainshocks themselves, with larger mainshock coseismic ruptures being capable of extending 36 

deeper into the normally aseismic zone. This understanding may help to address some basic 37 

questions of earthquake source physics such as the assumed scale-invariance of earthquake stress 38 

drop and whether fault slip scales with rupture length or rupture width. 39 

 40 
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 44 

 45 
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1. INTRODUCTION 46 

The Earth’s crust can be divided into different layers, based on rheological behavior and 47 

the potential to generate earthquakes. A simple conceptual model for the upper crust consists of 48 

three layers, with a seismogenic layer where earthquakes may initiate that lies in between an upper 49 

and  lower layer that behave (generally) aseismically (e.g., Scholz, 1988; Bürgmann and Dresen, 50 

2008; Scholz, 2019). The seismogenic layer is characterized by elastic behavior, where the tectonic 51 

accumulation of strain causes a build-up of stress that will eventually lead to stress release via 52 

seismic brittle failure or frictional instability processes (e.g., earthquakes) once the accumulated 53 

stress exceeds the respective brittle or frictional strength (e.g., Scholz, 2019). The strength of the 54 

brittle crust is commonly represented by the Mohr-Coulomb theory and Byerlee’s law (Byerlee, 55 

1978; Eq. 1) where tb is brittle shear stress (i.e., strength), µ is internal friction coefficient, and seff 56 

is effective normal stress. 57 

𝜏" = 𝜇𝜎&''     (1) 58 

      𝜏( = 𝐵𝜀̇,/.𝑒𝑥𝑝 2 3
.45

6   (2) 59 

 60 

Below the seismogenic layer follows an aseismic regime that is characterized by incipient ductile 61 

deformation, where the existing pressure and temperature conditions cause one of the protolith’s 62 

mineral phases (typically quartz) to deform in a ductile manner (as is exemplified by first 63 

appearance of mylonites, e.g., Scholz, 2019). Strain accumulation is not associated with a 64 

continuous build-up of stress. Instead, stresses remain, once reached, at a certain level that 65 

corresponds to the protolith’s ductile strength, which in turn is controlled by composition, 66 

temperature, pressure, and strain-rate, and may be represented for example as power law creep 67 
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(e.g., Turcotte and Schubert, 2002; Ellis and Stöckhert, 2004; Eq. 2), where td and 𝜀̇ are second 68 

invariants of deviatoric stress (i.e., representing ductile strength) and strain-rate tensor respectively, 69 

B is a geometrical factor (Ellis and Stöckhert, 2004), n is the power law exponent, Q is activation 70 

energy, R is the universal gas constant, and T is temperature. 71 

While brittle strength increases with depth (due to increasing effective normal stress with 72 

depth; Eq. 1), the ductile strength decreases with depth (primarily due to temperature increase with 73 

depth; Eq. 2). The lower of the two strength values then determines whether crustal behavior is 74 

dominantly brittle or ductile (Fig. 1a). The depth range where this change in rheological behavior 75 

occurs (typically the ~300oC isotherm where quartz begins to deform plastically), defines the 76 

seismic-aseismic transition zone and is also referred to as the brittle-ductile transition zone (BDTZ; 77 

e.g., Scholz, 1988; Ellis and Stöckhert, 2004; Rolandone and Buergmann, 2004; Cheng and Ben-78 

Zion, 2019). It plays an important role for tectonic and seismic processes and affects numerous 79 

characteristics of actively deforming regions such as fault architecture and relative fault activity, 80 

the potential to generate earthquakes and their maximum size while also influencing the dynamic 81 

rupture process and its seismic radiation. It is therefore important for our understanding of 82 

earthquake source physics while also providing practical constraints for seismic hazard assessment. 83 

The depth of this transition zone is not constant in time or space but can change rapidly, for 84 

example due to the occurrence of a large earthquake, when coseismic strain-rates may become 85 

temporarily substantially higher than interseismic rates of e.g., 10-12s-1 (Eq. 2; e.g., Ellis and 86 

Stöckhert, 2004). The strain-rate increase causes a transient downward shift of the ductile part of 87 

the strength envelope (e.g., Rolandone et al., 2004; Fig. 1a.). As a consequence, parts of the lower 88 

aseismic layer that would observe incipient ductile deformation during the interseismic phase may 89 

become brittle during the coseismic and post-seismic phases if the applied stresses exceed the 90 
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rock’s or fault’s brittle or frictional strength so that they may initiate earthquake rupture. This 91 

analytical result has been confirmed by field observation where microstructural analysis of 92 

exhumed fault zones indicate the co-existence and temporal overlap of ductile and brittle 93 

deformation features (e.g., Sibson, 1980; Sibson, 1986; Trepmann and Stockhert, 2003; Lin et al., 94 

2005; Stewart and Miranda, 2017). The transient deepening of the BDTZ is also expressed in 95 

aftershock depths of large mainshocks. A number of studies have found that these aftershocks may 96 

occur distinctly below the pre-earthquake BDTZ depth (e.g., to 3-5 km below the background depth 97 

of BDTZ) before reverting back to initial depths within a few years after the mainshock (e.g., Schaff 98 

et al. 2002; Rolandone et al., 2004; Cheng and Ben-Zion, 2019). 99 

A question that emerges from these findings and that we will address in this study is whether 100 

this transient deepening of the seismic-aseismic transition zone (i.e., the BDTZ), as indicated by 101 

aftershock depth distributions, is dependent on the size of the mainshock. Do aftershocks of large 102 

mainshocks occur deeper within the otherwise aseismic crustal regime than those of smaller 103 

mainshocks? In other words, are large earthquakes able to cause a stronger transient deepening of 104 

the seismic-aseismic transition zone than smaller earthquakes? This question emerges because it is 105 

clear that not only an increase in strain-rate but also an increase in absolute strain (and hence stress) 106 

is required to cause failure in the transiently brittle domain. Otherwise, mainshocks of any size 107 

would be able to cause aftershocks below the seismogenic zone, which has not been observed (e.g., 108 

Cheng and Ben-Zion, 2019). Larger earthquakes, in contrast, are associated with larger rupture 109 

areas and larger displacements (e.g., Thingbaijam et al., 2017) and therefore able to induce higher 110 

stress over a wider range into the sub-surface, including the lower aseismic zone. Hence, it is 111 

reasonable to assume that the transient deepening of the seismogenic zone is a function of 112 
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mainshock earthquake magnitude and that it is concentrated in regions where the mainshock 113 

experienced high (in a relative sense) fault slip (Fig 1b).  114 

In this study, we analyze well-located i.e., re-located seismic catalogs from Alaska, 115 

California, Japan, and Turkey to investigate if this relationship exists. We concentrate this analysis 116 

on continental strike-slip faults because their down-dip rupture dimension is less dependent on fault 117 

dip (because it is typically sub-vertical for strike-slip faults) and therefore more directly linked to 118 

the depth of the seismogenic zone. This makes a comparison of the transient seismogenic depth 119 

increase with mainshock magnitude between different regions more straightforward.  120 

 121 

2. MATERIALS AND METHODS 122 

2.1. Catalogs 123 

To conduct this study, we used published and publicly available seismic catalogs from 124 

Alaska (NEIC’s comcat catalog, hosting data from the Alaska earthquake center), Northern and 125 

Southern California (Lin et al., 2007; Waldhauser and Schaff, 2008; Waldhauser, 2009; Hauksson 126 

et al., 2012), Japan (JMA catalog), and Turkey (Bohnhoff et al., 2016). These catalogs were chosen 127 

based on availability, resolution and accuracy (sufficiently low magnitude of completeness Mc and 128 

precise earthquake location), as well as covered time period and spatial extent.  129 

To ensure that our observations made on different catalogs are comparable and to avoid 130 

results to be potentially biased by differences in catalog resolution, we applied the same 131 

requirements on horizontal and vertical location uncertainty (below +/-2 km) and magnitude of 132 

completeness Mc (Mc = 1.4) to all catalogs. That is, earthquake catalogs were reduced to only 133 

contain earthquakes with M >= Mc  and with location uncertainties below +/-2 km. Note that this 134 
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approach excludes the use of the Alaska catalog which has  a magnitude of completeness of Mc = 135 

1.9. To also include the Alaska catalog, containing the largest magnitude earthquake in the 136 

investigated data set (M7.8 Denali earthquake), we repeated the analysis as described below by 137 

using each catalog’s own Mc value (ranging from 0.5 < Mc < 1.9) instead of a uniform Mc value. 138 

2.2 Mainshock selection  139 

From each catalog, we first identify strike-slip earthquakes that are sufficiently large to 140 

potentially exhibit transient deepening of the seismogenic zone. We chose a corresponding 141 

mainshock cut-off magnitude to be M = 6.0. This earthquake size was chosen based on scaling 142 

relationships that indicate a corresponding minimum source dimension of ~11 km (e.g., Mai and 143 

Beroza, 2000; Hanks and Bakun, 2008; Thingbaijam et al., 2017), which is a first-order minimum 144 

bound on seismogenic depth in tectonically active, continental regimes such as the ones that we 145 

investigate here. Hence, earthquakes of this size (M = 6.0) or above would have a minimum source 146 

dimension that is equal or larger than the background seismogenic depth and therefore bear the 147 

potential to a) rupture into the aseismic zone, b) temporarily lower the seismogenic depth, and c) 148 

induce enough stress at the base of the seismogenic zone to potentially cause aftershocks below the 149 

background seismogenic depth. In addition to the size criteria, we also require that a sufficiently 150 

large number of earthquakes must have occurred within the vicinity of the mainshock (N > 2000; 151 

counting earthquakes along the mainshock rupture trace above the utilized Mc value) to provide 152 

meaningful measures of the seismogenic depth and its possible transient changes. Following this 153 

selection approach, we found 16 mainshocks for which we investigated their aftershocks to identify 154 

a transient deepening of the seismogenic zone. 155 

 156 
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2.3. Catalog extraction 157 

For each mainshock, we extracted all earthquakes (including the mainshock) from the 158 

catalog that occurred within a certain distance (typically within 5 km, depending on proximity to 159 

other faults or earthquake clusters that might interfere with the investigated signal) to the fault trace 160 

that was activated during the mainshock. We do this by tracing the fault and extracting the events 161 

within a “box” around this fault trace (Fig. 2a). This subset catalog includes earthquakes before 162 

and after the mainshock. We estimate the seismogenic depth for this subset following previous 163 

studies by computing the D95 depth (depth for which 95% of earthquakes in the catalog occur 164 

above it; Magistrale, 2002; Rolandone et al., 2004; Cheng and Ben-Zion, 2019; Scholz, 2019). This 165 

initial estimate of seismogenic depth for the subset catalog is used only to separate earthquakes that 166 

occurred above and below this depth level. Following, we plot all earthquakes from the subset 167 

catalog that are equal or deeper than this value with a color-coding that represents the density of 168 

deep earthquakes within a search radius of 2 km around it (Fig. 2b). This step allows identifying 169 

clusters of deep earthquakes along the mainshock rupture trace. As indicated in Fig. 1b, these 170 

clusters occur after the mainshock, primarily in locations where the mainshock exhibited 171 

(relatively) high amounts of slip. In a next step, we crop the subset catalog to the along-fault extent 172 

where clusters of deep events have been identified (Fig. 2b). The actual analysis on transient 173 

deepening of the seismogenic zone is then performed on this cropped catalog that contains all 174 

earthquakes within the cropping polygon foot print, regardless of their depth or time relative to 175 

mainshock occurrence. 176 

2.4. Determining the transient change in seismogenic thickness 177 
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From the cropped earthquake catalog, we take all earthquakes that occurred before the 178 

mainshock and those that occurred at least 0.5 years after the mainshock to determine the depth of 179 

the “interseismic” seismogenic zone, D95i, of the cropped region, providing a local measure on 180 

background seismogenic depth. The 0.5-year time window was chosen because we are primarily 181 

concerned with the maximum D95p depth increase, which has been observed to more or less 182 

directly follow mainshock occurrence (e.g., Schaff et al., 2002; Rolandone et al., 2004; Cheng and 183 

Ben-Zion, 2019; Fig. 2c, Fig. 3). Further, using this relatively short time span ensures that a 184 

sufficiently large number of eartquakes lies outside of this time window which is necessary to 185 

acquire a reliable estimate of D95i. That said, independent observations have shown that the 186 

transient deepening is effectively removed after about 3 years (e.g., Schaff et al., 2002; Rolandone 187 

et al., 2004; Cheng and Ben-Zion, 2019). For the extracted 0.5-year time window (mainshock plus 188 

0.5 years) we take bins of 200 events with a shift of 20 events to determine the post-seismic change 189 

in seismogenic depth by computing the corresponding D95p value for each bin. This analysis was 190 

also performed using bins of 100 and 400 events with a shift of 10 and 40 events respectively, in 191 

order to test for the result’s dependency on bin size (see supplemental online material). The binning 192 

approach ifself is taken to avoid potential sampling bias due to the larger number of events 193 

following directly the time of the mainshock (e.g., Rolandone et al., 2004). The difference between 194 

the respective values represents the transient change in seismogenic depth, DD95 = D95p - D95i. 195 

 196 

3. RESULTS 197 

Single event, looking at typical shape of time vs. depth (shallow vs. deep effect) 198 
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Before discussing the main part of the results, we draw attention to the typically observed 199 

temporal signal in the transient deepening of the seismogenic zone (Fig. 3). Frequently, we observe 200 

that transient deepening directly follows mainshock occurrence and then more or less quickly 201 

recovers the background depth of the seismogenic zone D95i (Fig. 3a). This is however not always 202 

the case. After the initial deepening of D95p due to mainshock occurrence, we find that D95p may 203 

not directly recover to D95i but instead exhibit some form of overshooting, where the seismogenic 204 

width transiently becomes shallower than D95i  before reverting back to the background D95i depth 205 

(Fig. 3b). While the initial transient deepening is expected for sufficiently large mainshocks as 206 

discussed in the introduction section, the transient shallowing requires a different explanation. a) 207 

It is plausible to assume that the coseismically induced changes in frictional instability or 208 

rheological behavior affect not only the lower aseismic zone (e.g., Scholz, 2019) but also the upper 209 

aseismic zone, ableit in a different manner and via different underlying physical processes. As a 210 

consequence, additionally to the deepening of the base of the seismogenic depth due to mainshock 211 

occurrence, we may also observe a shallowing of the top of the seismogenic depth (Fig 3b). The 212 

latter finds its expression as surface rupture of the main shock and in higher seismicity rates at 213 

shallow depths, transiently pulling the respective boundary (represented here by D5 depth) closer 214 

towards the surface. Given the distinctly different conditions at the top and base of the seismogenic 215 

zone and the presumably different physical processes that cause these transient signals, it is 216 

plausible to assume that the rate by which the respective transient signal decays also differs. Hence, 217 

the observed transient shallowing of the seismogenic zone that follows the initial transient 218 

deepening (Fig. 3b) could be an effect of different rates by which the transient signal decays (where 219 

the deep transient signal decays faster than its shallow counterpart, pulling D95p temporarily 220 

towards shallower depth levels). b) Another potential explanation is the occurrence of shallow 221 
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earthquake clusters that follow the mainshock, also pulling D95p temporarily towards shallower 222 

depth levels. The sensitivity to such clusters is particularly present when the aftershock catalog is 223 

sparse for example due to a relatively high Mc value. 224 

Transient change of the seismogenic depth 225 

 Following the procedure outlined in the Methods and Materials section, we identified 16 226 

continental strike-slip earthquakes within the analyzed catalogs.  These earthquakes range from the 227 

smallest one with M6.0 (Parkfield, 2004) to the largest with M7.8 (Denali, 2002). Table 1 presents 228 

our estimates of D95i, D95p, DD95 as well as the corresponding Mc value, earthquake number used 229 

in the analysis, and mean earthquake slip along the investigated fault section(s). With the exception 230 

of the M6.7 Tottori and possibly the M6.0 Parkfield earthquakes (both exhibiting DD95 values 231 

close to zero) we find that DD95 is positive, meaning that the seismic-aseismic transition zone 232 

depth did in fact become deeper during the post-seismic phase. A graphical representation of this 233 

data set indicates a noisy, yet clear positive and approximately linear relationship between 234 

earthquake magnitude and the transient depth increase of the seismogenic zone (Fig. 4a,b). Three 235 

earthquakes present notable outliers (marked by gray box in Fig. 4). The 1997 M6.2 Kagoshima 236 

earthquake doublet exhibits a distinctly larger DD95 value. The 2000 M6.7 Tottori earthquake 237 

appears to show basically no transient change in seismogenic depth following the mainshock 238 

occurrence. For the 2004 M6.0 Parkfield earthquake, we provide two measurements that include 239 

(i.e., exclude) a distinct, deep earthquake cluster that followed the mainshock occurrence. If the 240 

cluster is considered as being part of the aftershock sequence, then we observe an unusually high 241 

value for DD95 whereas it is practically zero when the cluster is excluded. The presence of such 242 

outliers is not surprising, given the simplicity of our conceptual model (Fig. 1a) and the different 243 
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regions (with different geologic and seismo-tectonic history and properties) and data sets that we 244 

are comparing. In fact, it is remarkable that we are able see such a clear relationship between 245 

earthquake magnitude and transient deepening of the seismic-aseismic transition zone depth. To 246 

test the sensitivity of our findings with respect to Mc, we provide DD95 estimates using a uniform 247 

Mc value for all catalogs (Mc = 1.4) as well as DD95 estimates using catalog-dependent Mc values 248 

(table 1, values in brackets). While discrepancies between both measurements can be observed, we 249 

find that the positive correlation between mainshock magnitude and DD95 is clearly recognized in 250 

both data sets, following a linear relationship. We further tested the sensitivity of our results with 251 

respect to the bin size that is utilized. The supplemental online material provides graphical 252 

representation as for 100 and 400 event bin sizes. As is noted, the positive, presumably linear 253 

relationship between magnitude and DD95 is well established and clearly recognizable. The 254 

amount of transient deepening that follows an earthquake mainshock is proportional to the 255 

mainshock’s magnitude. 256 

Figures 4c and 4d show DD95 as a function of mean slip (along the fault section where 257 

transient deepening was observed) as derived from kinematic source models that were accessed via 258 

the SRCMOD data base (Mai and Thingbaijam, 2014) or earthquake scaling relationships (e.g., 259 

Wells and Coppersmith, 1994). Again, we are able also observe a clear relationship between both 260 

parameters. The amount of transient deepening of the seismic-aseismic transition zone is a function 261 

of mean slip along the ruptured fault section which exhibited post-seismic deepening and can be 262 

approximated with a power-law (Fig. 4c,d). The functional form of this relationship (power-law)  263 

may be expected, considering that the well-establish scaling relation between earthquake 264 

magnitude and mean slip has the same functional form (e.g., Wells and Coppersmith, 1994). 265 
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  266 

4. DISCUSSION 267 

 The goal of this study was to investigate whether mainshock magnitude affects the amount 268 

of transient deepening of the seismic-aseismic transition zone. Analyzing the aftershocks of 16 269 

continental strike-slip earthquakes, we were able to identify a clear positive relationship between 270 

mainshock magnitude (i.e., mean slip) and the amount of the transient deepening of the 271 

seismogenic zone. Large mainshocks are able to generate deeper aftershocks than small 272 

mainshocks, i.e., large mainshocks are able to lower the seismogenic zone transiently more than 273 

smaller mainshocks. While an intuitive result, the presented study is the first to provide 274 

observational data to support it. 275 

It is plausible to assume that not only the aftershocks are able to rupture below the 276 

interseismic seismogenic depth but that the mainshock itself (if sufficiently large) may have done 277 

so as well (e.g., King and Wesnousky, 2007). Following this assumption – and therefore 278 

considering a scenario in which earthquakes may rupture below the interseismic seismogenic zone 279 

by an amount that depends on the size of these earthquakes – may shed light on some outstanding 280 

issues about earthquake stress drop, the apparent breakdown of self-similarity (whether small and 281 

large earthquakes exhibit the same stress drop and source physics),  and the discussion with what 282 

rupture dimension fault slip scales with (e.g., Scholz, 1982; Romanowiscz, 1992; Scholz, 1994; 283 

Mai and Beroza, 2000; King and Wesnousky, 2007; Hanks and Bakun, 2008; Allmann and Shearer, 284 

2009; Shaw, 2009; Thinbaijam et al, 2017). For the latter, two end-member models have been 285 

formulated to estimate how earthquake slip changes as a function of rupture dimension, namely the 286 

W- and L- model (which stand for fault width and fault length, respectively; e.g., Scholz, 1982; 287 
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Romanowiscz, 1992). While the prior assumes that slip saturates once an earthquake’s smaller 288 

rupture dimension equals the fault’s width (i.e., the thickness of the seismogenic layer), the latter 289 

assumes that slip will continue to grow as a function of fault length. Whether the L- or the W-290 

model provides the more accurate representation of the underlying physics is still an open 291 

discussion. Observations have shown that slip does increase even after W is fully ruptured (hence 292 

disagreeing with the W-model) and by that raised questions about differences in source physics 293 

and associated stress drop among large earthquakes (as is implied by the L-model).  At the same 294 

time, slip exhibits a distinctly lower growth rate once an earthquake’s rupture length exceeds a 295 

certain threshold value (Romanowicz, 1992; Scholz, 1994). The observations presented here may 296 

indicate a pathway to resolve this apparent discrepancy, following the conceptual study by King 297 

and Wesnousky (2007). Assuming that large earthquakes may penetrate below the interseismic 298 

seismogenic zone and that the corresponding amount is a function of earthquake size implies that 299 

W itself may not be a static value, but instead increases as a function of mainshock magnitude. 300 

From scaling relationships, based on observations of many earthquakes, it is clear that W scales 301 

with magnitude (Wells and Coppersmith, 1994). Following the assumption and logic presented 302 

here, we hypothesize that the rate of increase of W is changing (becoming distinctly smaller) once 303 

the background seismogenic depth is reached, i.e., saturated. Therefore, the break in slope that can 304 

be observed in magnitude – rupture area relationships (e.g., Hanks and Bakun, 2008) may well be 305 

an expression of a decreased rupture area growth rate (due to decreased rupture width growth rate; 306 

Fig. 5). As a consequence, the W-model may be a good approximation for earthquake scaling, 307 

while the apparent breakdown in scaling (because of increasing fault slip) may be the result of the 308 

depth-penetration by large earthquakes below the seismogenic depth. Clearly, the data presented 309 

in this publication are insufficient to fully address this question and it was not the focus of this 310 
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study to do that. However, our analysis provides a pathway for future investigations and highlight 311 

the potential importance of transient changes of the seismogenic zone for our understanding of 312 

earthquake source physics. 313 

 314 
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TABLES 407 

event name catalog M slip Mc # events D95i D95p DD95 

         

Morgan Hill, 1984 NoCal 6.2 0.2 1.4 (1.0) 2810 (3503) 9.0 (8.0) 9.5 (9.5) 0.5 (1.5) 

Chalfant Val., 1986 NoCal 6.2 0.4* 1.4 (1.0) 5818 (9302) 11.1 (11.1) 12.5 (12.2) 1.4 (1.1) 

Loma Prieta, 1989 NoCal 6.9 1.4 1.4 (1.0) 620 (2623) 16.4 (16.2) 18.0 (17.7) 1.6 (1.5) 

Joshua Tree, 1992 SoCal 6.1 0.1 1.4 2112 10.6 11.2 0.6 

Landers, 1992 SoCal 7.3 2.7 1.4 13226 11.5 14.4 2.9 

Kobe, 1995 Japan 6.9 1.0 1.4 2766 15 16.7 1.7 

Kagoshima, 1997 
(doublet) 

Japan 6.2 0.2* 1.4 7859 11 15.1 4.1 

Hector Mine, 1999 SoCal 7.1 1.7 1.4 5673 10.5 13.1 2.6 

Dücze, 1999 Turkey 7.2 1.4 1.4 3202 15.2 16.6 1.4 

Tottori, 2000 Japan 6.7 0.8 1.4 (1.0) 4004 (6445) 14.3 (14.2) 13.9 (13.9) -0.4 (-0.3) 

Denali,2002 Alaska 7.8 2.5 1.9 2727 11.2 14 2.8 

San Simeon, 2003 NoCal 6.3 0.2* 1.4 (1.0) 2784 (6696) 9.6 (9.4) 10.0 (10.0) 0.4 (0.6) 

Parkfield, 2004 NoCal 6.0 0.1 1.4 (1.0) 1890 (5088) 11.2 (11.2) 11.1 (11.5) -0.1 (0.3) 

Parkfield**, 2004 NoCal 6.0 0.1 1.4 (1.0) 2010 (5533) 11.2 (11.2) 14.0 (13.7) 2.8 (2.5) 

Fukuoka, 2005 Japan 6.6 0.8 1.4 (0.5) 3888 (8352) 14.6 (14.6) 15.5 (15.7) 0.9 (1.1) 

Noto, 2007 Japan 6.7 0.5 1.4 (1.0) 4004 (6445) 11.1 (11.3) 12.7 (12.6) 1.6 (1.3) 

El Mayor, 2010 SoCal 7.1 1.5 2.0 2788 18 20 2 

Table 1. Summary of the results of this study, providing earthquake name and year of occurrence, 408 

catalog used to analyze it, mainshock magnitude and average slip along fault sections that exhibited 409 

clusters of events below D95i, as well as estimates for D95i, D95p, and the difference between the 410 

latter two. Average slip was computed by averaging results from kinematic source models, 411 

accessed via the SRCMOD database (Mai and Thingbaijam, 2014). An exception are those events 412 

where the slip estimate is followed by an “*”. In these three cases, no source models are available 413 

and we used scaling relations from Wells and Coppersmith (1994) to provide a corresponding 414 

estimate. ** This measurement includes a deep earthquake cluster that followed the 2004 Parkfield 415 

earthquake. 416 
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 417 

FIGURES 418 

 

Figure 1. Schematic representation of transient deepening of the seismogenic depth due to 
occurrence of an increase in strain rate as it may be caused by a large earthquake. a) Strength-
envelope of upper crust with upper brittle behavior on top (governed by Eq. 1) and incpitient 
ductile flow below (governed by Eq. 2). The transition between both rheological regimes is 
indicated by the dashed white line. Increasing the strain rate (e.g., from interseismic to co-seismic 
rates) will increase the crust’s ductile strength, lowering the corresponding curve. As a result, 
regions of the crust that deform by ductile flow in inter-seismic periods may observe brittle 
failure during co- and post-seismic times. b) Oblique view of a slip model for the 1992 Landers 
earthquake (Wald and Heaton, 1994) and recorded seismicity (dots) in the vicinity of the 
modeled rupture surface. The dashed white line indicated the background depth of the 
seismogenic zone. The central part of the rupture surface exhibited the largest amount of (deep) 
slip and is associated with a concentration of deep aftershocks (red dots) suggesting a correlation 
between slip amount (i.e., earthquake magnitude) and transient deepening of the seismogenic 
depth. 
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Figure 2. Data selection and analysis steps for the example of the 1992 Landers earthquake. a) 
A sub-catalog, centered on the mainshock rupture trace is extracted using overlapping boxes that 
are (typically) 10 km wide. b) We compute the D95i depth for this sub-catalog and color-code 
the density of deep events within a 2-km radius for each deep event. This step allows identifying 
areas where deep events are clustered. A polygon is drawn around sections where these clusters 
occur to extract the corresponding events from the catalog. c) The extracted catalog is split into 
three time windows: before main shock occurrence, main shock occurrence + 0.5 years, and after 
main shock occurrence + 0.5 years. Histograms of depth distribution for the “before” and “after” 
regions are plotted and the corresponding D95i value is determined (red line). For the time 
window with main shock + 0.5 years, we compute D95p values for bins of 200 events, using an 
overlap of 90%. We identify the deepest D95p value as well as the consistent depth for D95i to 
determine the transient change of the seismogenic depth. 
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Figure 3. Frequently observed features of the transient seismogenic depth changes. a) The 2007 
M6.7 Noto earthquake, Japan. b) The 1999 M7.1 Hector Mine earthquake, California. Red lines 
(D95p) indicate the transient increase of seismogenic depth that is, in case of the Hector Mine 
earthquake, followed by an also transient shallowing phase. After the latter has passed, the 
seismogenic depth becomes deeper again and eventually stabilizes at the background level D95i 
(see text for further detail). D5i approximates the top of the seismogenic layer during interseismic 
times. Note the distinctly larger amount of seismicity above this depth level shortly after the 
mainshock that decays over time back to its background level. 
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Figure 4. Relationship between mainshock size and increase in seismogenic depth as indicated 
by change from D95i to D95p. All data points from Table 1 are presented and symbols indicate 
the corresponding catalog while the shading indicates the utilized Mc value (gray for Mc = 1.4; 
black for catalog-dependent Mc value). Outliers are indicated by gray boxes. a) Relationship 
betwesen magnitude and absolute change of seismogenic depth. b) Relationship between 
magnitude and relative change of seismogenic depth. c) Relationshp between mean slip and 
absolute change in seismogenic depth. d) Relationship between mean slip and relative change in 
seismogenic depth. The presented observations indicate a clear positive correlation between 
mainshock magnitude (i.e., fault slip) and the transient change in seismogenic depth that follows 
the mainshock. 
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Figure 5. Schematic representation of the changing growth-
rate of earthquake rupture width as function of earthquake 
magnitude. Once the rupture width W exceeds the depth of 
the seismogenic zone (D95i), it becomes more and more 
difficult (requires more and more additional stress) to 
further increase W. As a result, for a given magnitude, the 
rupture area is smaller with respect to the slip along that area 
once W has distinctly surpassed D95i. 
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