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Abstract. The characteristics of the zones of coseismic surface faulting along thrust faults are analysed in order 7 
to define the criteria for zoning the Surface Fault Rupture Hazard (SFRH) along thrust faults. Normal and strike-8 
slip faults have been deeply studied in the past concerning SFRH, while thrust faults have not been studied with 9 
comparable attention. 10 
Surface faulting data were collected from 10 well-studied historic thrust earthquakes occurred globally (5.4 ≤ M 11 
≤ 7.9). Several different types of coseismic fault scarps characterise the analysed earthquakes, depending on the 12 
topography, fault geometry and near-surface materials (simple and hanging wall collapse scarps; pressure ridges; 13 
fold scarps and thrust or pressure ridges with bending-moment or flexural-slip secondary faults due to large-scale 14 
folding). For all the earthquakes, the distance of secondary ruptures from the main fault (r) and the width of the 15 
rupture zone (WRZ) were collected directly from the literature or measured systematically in GIS-georeferenced 16 
published maps. 17 
Overall, surface ruptures can occur up to large distances from the main fault (~750 m on the footwall and ~1,600 18 
m on the hanging wall). Most of them occur on the hanging wall, preferentially in the vicinity of the main fault 19 
trace (< 50 m). The widest WRZ are recorded where bending-moment (B-M) or flexural-slip (F-S) secondary 20 
faults, associated to large-scale folds (hundreds of meters to kilometres in wavelength), are present. 21 
The distribution of surface ruptures is fitted with probability density functions, in order to define a criterion to 22 
remove outliers (e.g. 90% probability of the cumulative distribution function) and define the zone where the like-23 
lihood of having surface ruptures is the highest. This might help in sizing the zones of SFRH during seismic mi-24 
crozonation (SM) mapping. 25 
In order to shape zones of SFRH, a very detailed earthquake geologic study of the fault is necessary (the highest 26 
level of SM, i.e., Level 3 SM according to Italian guidelines). In the absence of such a very detailed study (basic 27 
SM, i.e., Level 1 SM of Italian guidelines) a width of ~465 m (90% probability) seems to be adequate. For more 28 
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detailed level SM, where the fault is carefully mapped, one must consider that the highest SFRH is concentrated 29 
in a narrow zone, only 50-70 in width , that should be considered as a fault avoidance zone (40-50% of the total 30 
ruptures are expected to occur within this zone). 31 
A broad positive relation between the displacement on the main fault and the total width of the rupture zone is 32 
found only close to the main fault (total WRZ ≤ 60 m). The total WRZ appears to increase with displacement, 33 
from a minimum of nearly 20-30 m for decimetric vertical displacement up to 50-60 m for vertical displacement 34 
close to 2 m. 35 
The fault zones should be asymmetric compared to the trace of the main fault. The average footwall to hanging 36 
wall ratio (FW: HW) is close to 1:2. 37 
These criteria are applicable to “simple thrust faults”, without B-M or F-S secondary faults on large-scale folds. 38 
Zones potentially susceptible to B-M or F-S secondary faults can be inferred by detailed knowledge of the struc-39 
tural setting of the area (geometry, wavelength and lithology of the thrust-related large-scale folds) and by geo-40 
morphic evidence of past secondary faulting. 41 
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1 Introduction 44 

Coseismic surface ruptures during large earthquakes might produce damage to buildings and facilities located on 45 
or close to the trace of the active seismogenic fault. This is known as Surface Fault Rupture Hazard (SFRH), a 46 
localized hazard that could be avoided if a detailed knowledge of the fault characteristics is achieved. The mitiga-47 
tion of SFRH can be faced by strategies of fault zoning and avoidance or, alternatively, by (or together with) 48 
probabilistic estimates of fault displacement hazard (e.g. Petersen et al., 2011). Both strategies need to employ, as 49 
accurately as possible, the location of the active fault trace, the expected displacement on the main fault, the de-50 
formation close to the main fault, and the distribution of secondary faulting away from it. While the general fault 51 
geometry and the expected displacement can be obtained through a detailed geological study and the application 52 
of empirical relationships (e.g. Wells and Coppersmith, 1994), the occurrence of secondary faulting close to and 53 
away from the main fault is particularly difficult to predict, and only direct observations from well-documented 54 
case studies may provide insights on how secondary faulting is expected to occur (e.g. shape and size of rupture 55 
zones, attenuation relationships for secondary faulting). 56 
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A reference example of fault zoning strategy for mitigating SFRH is the Alquist-Priolo Earthquake Fault Zoning 57 
Act (A-P Act), adopted by the state of California (USA) in 1972 (e.g. Bryant and Hart, 2007). The A-P Act de-58 
fines regulatory zones around active faults (Earthquake Fault Zones, EFZ), within which detailed geologic inves-59 
tigations are required prior to build structures for human occupancy. The boundaries of the EFZ are placed 150-60 
200 m away from the trace of major active faults, or 60 to 90 m away from well-defined minor faults, with excep-61 
tions where faults are complex or not vertical. Moreover, the A-P Act defines a minimum distance of 50 feet (15 62 
m) from the well-defined fault trace within which critical facilities and structures designed for human occupancy 63 
cannot be built (fault setback), unless proven otherwise. Similarly to the setback of the A-P Act, the New Zealand 64 
guidelines for development of land on or close to active faults (Kerr et al., 2003) define a fault avoidance zone to 65 
ensure life safety. The guidelines recommend a minimum buffer of 20 m either sides of the known fault trace (or 66 
the likely rupture zone), unless detailed fault studies prove that the deformed zone is less than that. 67 
Recently, in Italy the Department for Civil Protection published guidelines for land management in areas affected 68 
by active and capable faults. For the purpose of the guidelines, an active and capable fault is defined as a fault 69 
with demonstrated evidence of surface faulting during the last 40,000 years (Technical Commission for Seismic 70 
Microzonation, 2015; SM Working Group, 2015). The guidelines are a tool for zoning active and capable faults 71 
during seismic microzonation (SM). They also contain a number of recommendations to assist land managers and 72 
planners. The fault zones vary at different Levels of SM. In the basic SM (Level 1 SM according to SM Working 73 
Group, 2015), the active fault is zone with a wide Warning Zone that is conceptually equivalent to the EFZ of the 74 
A-P Act. The zone should include all the reasonable inferred fault-rupture hazard of both the main fault and sec-75 
ondary faults, and should account for uncertainties in mapping the fault trace. The guidelines recommend a width 76 
of the Warning Zone to be 400 m. Within the Warning Zone, the most detailed level of SM (Level 3 SM) should 77 
be mandatory before new construction. Level 3 SM implies a very detailed earthquake geology study of the fault. 78 
After completing that study, a new, more accurate fault zoning is achieved. This includes a 30 m-wide Fault 79 
Avoidance Zone around the accurately-defined fault trace. If some uncertainties persist after Level 3 studies, such 80 
as uncertainties about fault trace location or about the possibility of secondary faulting away from the main fault, 81 
the guidelines suggest the use of a wider zone called Susceptible Zone. The guidelines recommend a width of the 82 
Susceptible Zone to be 160 m, but the final shape and size of the zone depend on the local geology and the level 83 
of accuracy reached during Level 3 SM studies. Both Fault Avoidance and Susceptible Zones can be asymmetric 84 
compared with the main fault trace, with recommended footwall to hanging wall ratios of 1:4, 1:2 and 1:1 for 85 
normal, thrust and strike-slip faults, respectively. 86 
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Shape and width of the zones in the Italian guidelines are based mostly on data from normal faulting earthquakes 87 
(e.g. Boncio et al., 2012). In general, worldwide the width of the rupture zone (WRZ) for normal and strike-slip 88 
earthquakes (e.g. Youngs et al., 2003; Petersen et al., 2011) is much more studied than for thrust earthquakes. 89 
Zhou et al. (2010) analysed the width of the surface rupture zones of the 2008 Wenchuan earthquake focusing on 90 
the rupture zone close to the main fault, with implications on the setback distance. However, to our knowledge, a 91 
global data collection from well-documented surface thrust faulting earthquakes aimed at analysing the character-92 
istics of the WRZ is lacking in the scientific literature. 93 
The objectives of this work are: 1) to collect the data from well-studied surface faulting thrust earthquakes glob-94 
ally (we analysed 10 earthquakes with magnitudes ranging from 5.4 to 7.9); 2) to analyse statistically the distribu-95 
tion of surface ruptures compared to the main fault and the associated WRZ; and 3) to compare the results with 96 
the contemporary Italian guidelines and discuss the implications for earthquake fault zoning. 97 

2 Methodology 98 

This work analyses the data from 10 well-studied historic surface faulting thrust earthquakes occurred worldwide 99 
during the last few decades (Table 1). These historic earthquakes range in magnitude (Mw) from 5.4 to 7.9 and 100 
belong to different tectonic settings, such as continental collision (Spitak, 1988; Kashmir, 2005; Wenchuan, 101 
2008), fold-and-thrust belt (El Asnam, 1980), oceanic-continental collision (Chi-Chi, 1999), transform plate 102 
boundary (San Fernando, 1971; Coalinga-Nunez, 1983) and intraplate regions (Marryat Creek, 1986; Tennant 103 
Creek, 1988; Killari, 1993). 104 
For the purpose of this work, the following parameters were collected from the literature listed in Table 1: i) dis-105 
placement (vertical, horizontal and net slip, if available) on the main fault and coordinates of the referred meas-106 
urement points; ii) distance from the main fault to the secondary ruptures (r in Fig. 1), distinguishing between the 107 
ones on hanging wall and on footwall; iii) displacement on secondary faults (if available); iv) width of the rupture 108 
zone (WRZ), distinguishing between the ones on hanging wall and on footwall; and v) scarp type (Fig. 2). 109 
When available, the surface rupture data was collected directly from the literature (e.g., Chi-Chi, 1999; Wen-110 
chuan, 2008), but in most of the other cases the rupture data was measured from published  maps that wereGIS-111 
georeferenced for the purpose of this work. Figure 1 displays the technique used for measuring the distance be-112 
tween the main fault and the secondary ruptures, which allowed us to sample the rupture zone systematically and 113 
in reasonable detail. The accuracy of the measurements depends on the scale of the original maps and on the level 114 
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of detail reported in the maps. In this work only the detailed maps were considered, uncertain or inferred ruptures 115 
were not taken into account. 116 
Concerning the scarp type, thrust earthquakes are characterized by a high variability of coseismic scarps due to 117 
the complex interaction between faulting and folding, geometry of the faults, and topography and rheology of the 118 
surface materials. The coseismic scarps can be classified according to the scheme first proposed by Philip et al. 119 
(1992) after the 1988 Spitak (Armenia) earthquake, integrated with the classification of Yu et al. (2010), which 120 
includes seven main types of thrust-related fault scarps and related secondary structures (Fig. 2). In case of steep-121 
ly dipping faults, a simple thrust scarp in bedrock (type a) or a hanging wall collapse scarp in bedrock or in brittle 122 
unconsolidated material (type b) are produced. In case of low-angle faults and presence of soft-sediment covers, a 123 
number of pressure ridges (types c to f) can be observed, depending on the displacement, sense of slip and behav-124 
iour of near-surface materials. In presence of blind faults, a fault-related fold scarp may be formed (type g). 125 
Moreover, in this study also two additional types of thrust scarps were distinguished, which are characterized by 126 
the occurrence of bending-moment and flexural-slip secondary faults (Yeats, 1986), associated with large-scale 127 
folds (hundreds of meters to kilometres in wavelength). Both of them occurred widely during the 1980 El Asnam 128 
earthquake (Philip and Meghraoui 1983). Bending-moment faults (type h) are normal faults that are formed close 129 
to the hinge zone of large-scale anticlines (extensional faults at the fold extrados in Philip and Meghraoui 1983), 130 
while flexural-slip faults (type i) are faults that are formed due to differential slip along bedding planes on the 131 
limbs of a bedrock fold (Yeats, 1986). Similar secondary ruptures, associated to small-scale folds (meters to doz-132 
ens of meters in wavelength), which form at the leading edge of the thrust, are not included in these two particu-133 
lar types.  134 
The measured rupture data has been classified according to the scarp types illustrated in Fig. 2 whenever possi-135 
ble; alternatively, the scarp type was classified as “Unknown”. 136 

3 Width of the Rupture Zone (WRZ): statistical analysis 137 

The most impressive and recurrent measured features are ruptures occurring along pre-existing fault traces and on 138 
the hanging wall, as the result of the reactivation of the main thrust at depth. Secondary structures are mainly rep-139 
resented by synthetic and antithetic faults, which are parallel to or branching from the main fault. Fault segmenta-140 
tion and en échelon geometries are common in transfer zones or in oblique-slip earthquakes. 141 
The collected data was analysed in order to evaluate the width of the rupture zone (WRZ), intended as the total 142 
width, measured perpendicularly to the main fault, within which all the secondary ruptures occur. Figure 3 shows 143 
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frequency distribution histograms of the distance of secondary ruptures from the main fault (r) for all the ana-144 
lysed earthquakes. Negative values refer to the footwall, while positive values refer to the hanging wall. In par-145 
ticular, in Fig. 3a we distinguished the scarps with bending-moment (B-M) or flexural-slip (F-S) secondary faults 146 
from the other types; in Fig. 3b the scarps without B-M or F-S secondary faults are distinguished by scarp types, 147 
and in Fig. 3c the scarps with B-M or F-S secondary faults are distinguished by earthquake. In general, although 148 
the values span over a large interval (-750 m to 1,610 m), most of them occur in the proximity of the main fault 149 
and display an asymmetric distribution between hanging wall and footwall. 150 
In Fig. 3b all the data (excluding scarps with B-M and F-S faults) are distinguished by scarp type. Simple Pres-151 
sure Ridges (in green) prevail and the relative data, together with those associated to the other pressure ridges 152 
(oblique, back-thrust and low-angle), span over an interval that is larger than for simple thrust scarps (in blue). 153 
This implies that the main thrust geometry and the near-surface rheology have a significant control in strain parti-154 
tioning with consequences on the WRZ. 155 
The occurrence of B-M or F-S secondary faults is strictly related to the structural setting of the earthquake area. 156 
In particular, B-M faults, which are related to the presence of large-scale hanging wall anticlines, were clearly 157 
observed in the El Asnam 1980 (Philip and Meghraoui, 1983) and Kashmir 2005 (southern part of central seg-158 
ment; Kaneda et al., 2008; Sayab and Khan, 2010) earthquakes. A wide extensional zone (1.8 km-long in the E-159 
W direction; 1.3 km-wide) formed on the eastern hanging wall side of the Sylmar segment of the San Fernando 160 
1971 surface rupture. The interpretation of such an extensional zone is not straightforward. Nevertheless, the 161 
presence of a macro-anticline in the hanging wall of the Sylmar fault is indicated by subsurface data (Mission 162 
Hill anticline; Tsutsumi and Yeats, 1999). Though it is not possible to clearly classify these structures as B-M 163 
faults in strict sense, it seems reasonable to interpret them as generic fold-related secondary extensional faults. 164 
Therefore, they were plotted in Fig.s 3a and 3c together with B-M and F-S faults. F-S faults were observed on the 165 
upright limb of a footwall syncline in the El Asnam 1980 earthquake. As shown in Fig. 3a, the B-M and F-S da-166 
tasets contribute significantly in widening the WRZ and are distributed only on the hanging wall or on the foot-167 
wall of the main fault, respectively. Notably, the distribution of the B-M faults for the El Asnam earthquake is 168 
very similar to the distribution of extensional ruptures for the San Fernando earthquake (Fig. 3c). Ruptures close 169 
to the main fault (r < 200 m) are due to processes operating in all the other types of scarps (Fig. 3b), but for larger 170 
distances (r > ~300 m) they can be related to folding of a large-scale anticline, with a larger frequency between 171 
300 and 1,000 m from the main fault. The B-M ruptures for the Kashmir 2005 earthquake are localized in a nar-172 
rower zone (≤ 200 m) closer to the main fault, due to the shorter wavelength of the hosting anticline. 173 
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In order to analyse the statistical distribution of “r”, the collected data was fitted with a number of probability 174 
density functions by using the commercial software EasyFitProfessional©V.5.6 (http://www.mathwave.com), 175 
which finds the probability distribution that best fits the data and automatically tests the goodness of the fitting. 176 
Considering that the width of the rupture zone for the scarps with B-M and F-S is strictly related to the structural 177 
setting of the area (presence and wavelength of the fold), in this study only the scarp types without B-M and F-S 178 
(called here “simple thrust ruptures”) were analysed. The aim is to find a criterion for removing the outliers and 179 
sizing the zones within which surface fault ruptures are expected to occur. The hanging wall and footwall data 180 
was fitted separately and the results are synthesized in Fig. 4, where the best fitting distribution curves and the 181 
cumulative curves, selected by the software according to the Kolmogorov-Smirnov test, are shown. The same 182 
continuous function was found for both the hanging wall and footwall, which is the Birnbaum-Saunders (Fatigue 183 
Life) distribution. 184 
The hanging wall data (Figs. 4a and 4b) has a modal value of 5.5 m. The 90% probability (0.9 of the cumulative 185 
distribution function, HW90) seems to be a reasonable value to cut the outliers (flat part of the curves). It corre-186 
sponds to a distance of ~320 m from the main fault. The histogram (Fig. 4b) shows a zone close to the main fault, 187 
bounded by the 40% probability, where most of the ruptures occur (HW40, corresponding to ~30 m from the 188 
main fault). A second sharp drop of the data in the histogram occurs at the 50% probability (HW50, correspond-189 
ing to ~45 m from the main fault). Also the 3rd quartile is shown (HW75), corresponding to a distance of ~140 m 190 
from the main fault. The widths of the zones for the different probabilities (90%, 75%, 50% and 40%) are listed 191 
in Table 2. 192 
The footwall data (Figs. 4c and 4d) has a modal value of the best fitting probability density function of 4 m. By 193 
applying the same percentiles used for the hanging wall, a 90% cut (FW90) was found at a distance of ~145 m 194 
from the main fault. The FW75, FW50 and FW40 correspond to distances of ~70 m, ~25 m and ~20 m from the 195 
main fault, respectively (Table 2). It is worth noting that also for the footwall the 40% probability bounds reason-196 
ably well the zone where the most of the ruptures occur.  197 
The ratio between the width of the rupture zone on the footwall and the width of the rupture zone on the hanging 198 
wall ranges from 1.5 to 2.2 (Table 2), and therefore it is always close to 1:2 independently from the used percen-199 
tile. 200 
In Fig. 5 the total width of the rupture zone (WRZ tot = WRZ hanging wall + WRZ footwall) is plotted against 201 
the displacement on the main fault (vertical component, VD) for the subset of data having displacement infor-202 
mation. Though a broad positive correlation between total WRZ and VD can be speculated, especially if  the data 203 
with B-M and F-S faults is excluded, a clear correlation is not obvious (Fig. 5a). A possible correlation can be 204 
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found by zooming in the diagram in the area close to the main fault (WRZ <200 m, Fig. 5b). Close to the main 205 
fault (WRZ < 60 m), the width of the rupture zone appears to have a nearly linear upper boundary which corre-206 
lates positively with VD, for VD < ~2 m (dashed line in Fig. 5b). This suggests that close to the main fault the 207 
width of the rupture zone increases with displacement, from a minimum of nearly 20 m for decimetric VD up to 208 
50-60 m for VD close to 2 m. However, also for VD <2 m, the maximum WRZ, including the secondary ruptures 209 
away from the main fault, can be up to 200 m or wider. 210 

4 Comparison with Italian guidelines and implications for fault zoning during seismic microzonation 211 

The definition of the WRZ based on the analysis of the data from worldwide thrust earthquakes can support the 212 
evaluation and mitigation of SFRH. The values reported in Table 2 can be used for shaping and sizing fault zones 213 
(e.g. Warning or Susceptible Zones in the Italian guidelines; Earthquake Fault Zones in the A-P Act) and avoid-214 
ance zones around the trace of active thrust faults. 215 
In Table 3, the total WRZ from the present study is compared with the sizes of the zones proposed by the Italian 216 
guidelines for SM studies (Technical Commission for Seismic Microzonation, 2015; SM Working Group, 2015). 217 
The table can be considered as a proposal for integrating the existing criteria. The first observation is that the 218 
FW:HW ratio proposed by the Italian guidelines is supported by the results of this study (FW:HW ratio close to 219 
1:2). 220 
Assuming that the 90% probability is a reasonable criterion for cutting the outliers from the analysed population, 221 
the resulting total WRZ (HW + FW) is 465 m. This width could be used for zoning all the reasonably inferred 222 
fault rupture hazard, from both the main fault and secondary faults, during basic (Level 1) SM studies, which do 223 
not require high-level specific investigations. The obtained value is not very different from that recommended by 224 
the Italian guidelines for Level 1 SM (400 m). 225 
The most evident difference between our proposal and the Italian guidelines concerns the width of the zone that 226 
should be avoided, due to the very high likelihood of having surface ruptures. Though the entire rupture zone 227 
could be hundreds of meters wide, 40-50% of secondary ruptures are expected to occur within a narrow, 50-70 m 228 
wide zone. As could be expected, only site-specific paleosismologic investigations can quantify the hazard from 229 
surface faulting at a specific site.In the absence of such a detail, and for larger areas (e.g. municipality scale) the 230 
fault avoidance zone should be in the order of 50-70 m, shaped asymmetrically compared to the trace of the main 231 
fault (30-45 m on the HW; 20-25 m on the FW). Figure 5b suggests a positive relation between the displacement 232 
on the main fault and the width of the rupture zone close to the main fault (WRZ ≤ 60 m). Assuming that this re-233 
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lation is real, Fig. 5b suggests that the avoidance zone should be larger than 20-30 m, even for displacements of a 234 
few decimetres. 235 
In Table 3 a width of 210 m is proposed for the susceptible zone (Level 3 SM). The choice of defining the width 236 
of the zone as the 3rd quartile (3 out of 4 probability that secondary faulting lies within the zone) is rather arbi-237 
trary. In fact, the width of the susceptible zone should be flexible. Susceptible zones are used only if uncertainties 238 
remain also after high-level seismic microzonation studies, such as uncertainties on the location of the main fault 239 
trace or about the possibility of secondary faulting away from the main fault. Susceptible zones can also be used 240 
for areas where a not better quantifiable distributed faulting might occur, such as in structurally complex zones 241 
(e.g. stepovers between main fault strands).  242 
It is important to underline that the proposed criteria are applicable only to simple thrust ruptures, without B-M or 243 
F-S faults. B-M and F-S secondary faults are strictly related to the structural setting of the area (large-scale fold-244 
ing). Therefore, knowledge of the structural setting of the area may help in identifying zones potentially suscepti-245 
ble to B-M or F-S faulting. In fact, the B-M surface-ruptures commonly observed in historical earthquakes are 246 
normal faults. B-M normal faults are expected to occur in the shallowest convex (lengthened) layer of the folded 247 
anticline. They can occur only where the bending stress is tensional, that is the convex side of the folded layer, 248 
preferentially close to the crest of the anticline and parallel to the anticline hinge. F-S faults can rupture the sur-249 
face where steeply-dipping limbs of folds associated to the seismogenic thrust, formed by stiff strata able to slip 250 
along bedding planes, intersect the topography (e.g. Fig. 2i). Thus, zones of potential B-M or F-S secondary 251 
faulting can be traced by knowing the geometry and wavelength of the fold and the first order stiffness of the 252 
folded material. Moreover, it is known that coseismic B-M or F-S faults often reactivate pre-existing fault scarps 253 
(e.g. Yeats, 1986) being the geomorphic signature which might help in zoning the associated SFRH. 254 

5 Conclusions 255 

The distribution of coseismic surface ruptures (distance of secondary ruptures from the main fault) for 10 well-256 
documented historical surface faulting thrust earthquakes (5.4 ≤ M ≤ 7.9) provide constraints on the general char-257 
acteristics of the surface rupture zone, with implications for zoning the surface rupture hazard along active thrust 258 
faults. 259 
Secondary ruptures can occur up to large distances from the main fault (~750 m on the footwall and ~1,600 m on 260 
the hanging wall), but most of them occur within few dozens of meters from the main fault. The distribution of 261 
secondary ruptures is asymmetric, with most of them located on the hanging wall. Coseismic folding of large-262 
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scale folds (hundreds of meters to kilometres in wavelength) may produce bending-moment (B-M) or flexural-263 
slip (F-S) secondary faults on the hanging wall and footwall, respectively, widening significantly the rupture 264 
zone. 265 
The distribution of secondary ruptures for simple thrust ruptures (without B-M and F-S faults) can be fitted by a 266 
continuous probability density function, of the same form for both the hanging wall and footwall. This function 267 
can be used for removing outliers from the analyzed database (e.g. 90% probability) and define cold criteria for 268 
shaping SFRH zones. These zones can be used during seismic microzonation studies. 269 
The 90% probability of the cumulative distribution function defines a rupture zone of ~320 m-wide on the hang-270 
ing wall and ~145 m-wide on the footwall (total width of ~465 m). This wide zone could be used for zoning 271 
SFRH during basic seismic microzonation studies (i.e. Level 1 SM according to the Italian guidelines), which 272 
typically lack of specific investigations and therefore are characterized by uncertainties on the location of the 273 
main fault and on the occurrence of secondary faulting away from the main fault. 274 
More than 40-50% of the ruptures are expected to occur within a zone of 30-45 m-wide on the hanging wall and 275 
20-25 m-wide on the footwall (total width being 50-70 m). This narrow zone could be used for defining the fault 276 
avoiding zone during high-level, municipality-scale seismic microzonation studies (i.e. Level 3 SM according to 277 
the Italian guidelines). 278 
A possible positive relation between the displacement on the main fault and the total width of the rupture zone 279 
(total WRZ) is found only close to the main fault (total WRZ ≤ 60 m). Close to the main fault, the WRZ appears 280 
to increase with displacement, from a minimum of nearly 20-30 m for decimetric vertical displacement (VD) up 281 
to 50-60 m for VD close to 2 m. This suggests that the avoidance zone should be larger than 20-30 m, even for 282 
displacements of a few decimetres. 283 
The average FW:HW ratio of the WRZ  is close to 1:2, independently from the used percentile. 284 
In addition to the expected rupture zone along the trace of the main thrust, zones potentially susceptible to B-M 285 
or F-S secondary faulting can be inferred by detailed knowledge of the structural setting of the area (geometry, 286 
wavelength and lithology of the thrust-related large-scale folds) and by scrutinize possible geomorphic traces of 287 
past secondary faulting. 288 
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Table 1 Earthquakes used for calculating the width of the rupture zone (WRZ). 408 
 409 

Earthquake Date Magnitude Kin. # SRL*(k
m) 

MD* 
(m) 

Depth 
(km) 

References for earthquake 
parameters (a) and WRZ cal-

culation (b) 

San Fernando, 
CA, USA 

1971.02.09 Ms 6.5, Mw 6.6 R-LL 16 2.5 8.9 
(USGS) 

a) 1 
b) 2 

El Asnam, Algeria 1980.10.10 Ms 7.3, Mw7.1 R 31 6.5 10 
(USGS) 

a) 1 
b) 3, 4, 5 

Coalinga (Nunez), 
CA, USA 

1983.06.11 Ms5.4, Mw5.4 R 3.3 0.64 2.0 
(USGS) 

a) 1 
b) 6 

Marryat Creek, 
Australia 

1986.03.30 Ms5.8, Mw5.8 R-LL 13 1.3 3.0 a) 1, 7 
b) 8, 9 

Tennant Creek, 
Australia 

1988.01.22 
(3 events) 

Ms 6.3, Mw 6.3 
Ms 6.4, Mw 6.4 
Ms 6.7, Mw 6.6 

R 
R-LL 
R 

10.2 
6.7 
16 

1.3 
1.17 
1.9 

2.7 
3.0 
4.2 

a) 1, 10 
b) 11 

Spitak, Armenia 1988.12.07 Ms 6.8, Mw 6.8 R-RL 25 2.0 5.0-7.0 a) 1, 12 
b) 13 

Killari, India 1993.09.29 Ms 6.4, Mw 6.1 R 5.5 0.5 2.6 a) 14, 15 
b) 15 

Chi Chi, Taiwan 1999.09.20 Mw 7.6 R-LL 72 12.7 8.0 a) 16, 17 
b) 18, 19, 20, 21 

Kashmir, Pakistan 2005.10.08 Mw 7.6vi R 70 7.05 (v) <15.0 a) 22, 23 
b) 23, 24 

Wenchuan, China 2008.05.12 Mw 7.9 R-RL 240 6.5 (v) 
4.9 (h) 

19.0 
(USGS) 

a) 25 
b) 26, 27, 28, 29, 30, 31 

 410 
 411 
 412 
# Kin. (kinematics): R = reverse, LL = left lateral, RL = right lateral. 413 
* SRL = surface rupture length; MD = maximum displacement (vector sum; v = vertical; h = horizontal). 414 
References: 1 = Wells and Coppersmith, 1994; 2 =U.S. Geological Survey Staff, 1971; 3 =Yelding et al., 1981; 4 =Philip and Meghraoui, 415 
1983; 5 =Meghraouiet al 1988; 6 = Rymer et al. 1990; 7 = Fredrich et al., 1988; 8 = Bowman and Barlow, 1991; 9 = Machette et al., 1993; 416 
10 = McCaffrey, 1989; 11 = Crone et al., 1992; 12 = Haessler et al. 1992; 13 = Philip et al. 1992; 14 = Lettis et al., 1997; 15 = Seeber et al. 417 
1996; 16 = Wesnousky 2008; 17 = Shin and Teng, 2001; 18 = Kelson et al., 2001; 19 = Lin et al., 2001; 20 = Kelson et al., 2003; 21 = Ota 418 
et al., 2004; 22 = Avouac et al., 2006; 23 = Kaneda et al., 2008; 24 = Sayab and Khan, 2010; 25 = Xu et al., 2009; 26 = Liu-Zeng et al., 419 
2009; 27 = Liu-Zeng et al., 2012; 28 = Yu et al., 2009; 29 = Yu et al., 2010; 30 = Zhou et al., 2010; 31 = Zhang et al., 2013. 420 
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Table 2 Width of the rupture zone (WRZ) on the hanging wall (HW) and on footwall (FW) and FW to HW ratio for simple thrust 422 
ruptures (cases with bending-moment and flexural-slip faults are not included). 423 
 424 

Probability * WRZ HW WRZ FW Total WRZ FW:HW 

90% 320 m 145 m 465 m 1:2.2 

75% 140 m 70 m 210 m 1:2 

50% 45 m 25 m 70 m 1:1.8 

40% 30 m 20 m 50 m 1:1.5 

 425 
 426 
 427 
* Probabilities refer to the cumulative distribution functions of Fig. 4. 428 
  429 
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Table 3 Comparison between fault zone size from Italian guidelines and the Width of the Rupture Zone (WRZ) from the present 430 
study (proposal for updating fault zoning for thrust faults) for simple thrust ruptures (cases with bending-moment and flexural-431 
slip faults are not included). 432 
 433 

ZONE * Seismic Microzo-
nation # 

Total WRZ§ FW:HW Italian guide-
lines 

Warning Zone 
(Zona di attenzio-

ne, ZA) 

Basic 
(Level 1) 

465 m 
(90% prob., all the reasona-

bly inferred hazard from 
MF and SF) 

1:2^ 400 m 
FW:HW = 1:2 

Avoidance Zone 
(Zona di rispetto, 

ZR) 

High-level 
(Level 3) 

50-70 m 
(40-50% prob., very high 

hazard) 

1:2 ^ 30 m 
FW:HW = 1:2 

Susceptible Zone 
(Zona di suscettibi-

lità, ZS) 

High-level 
(Level 3) 

210 m 
(75% prob., precautionary) 

1:2 160 m 
FW:HW = 1:2 

 434 
 435 
 436 
* The original names of zones in the Italian guidelines (in Italian) are in italics. 437 
# Different levels of Seismic Microzonation refer to SM Working Group (2015). 438 
§ MF = main fault; SF = secondary faults. 439 
^ The computed values (1:2.2, 1:1.8 and 1:1.5; Table 2) have been simplified to 1:2. 440 
  441 
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 442 

 443 
Figure 1: Sketch synthesizing the methodology used for measuring the r and WRZ data. 444 
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 446 
Figure 2: Scarp type classification (modified after Philip et al., 1992 and Yu et al., 2010). The scarp types h) and i) are associated 447 
with large-scale folds (hundreds of meters to kilometres in wavelength) and are first reported by Philip and Meghraoui, 1983. 448 
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 450 
Figure 3: a) Frequency distribution histogram of the rupture distance (r) from the MF for the earthquakes reported in Table 1. 451 
The positive and negative values refer to the data on the hanging wall and the footwall, respectively; b) Frequency distribution 452 
curves of each scarp type excluding those associated to B-M and F-S faults (types h and i of Fig. 2); c) Frequency distribution 453 
curves of the B-M and F-S faults (types h and i of Fig. 2) distinguished by earthquake event.  454 
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  455 

Figure 4: Cumulative distribution func-
tion and probability density function of 
the rupture distance (r) from the MF for 
the hanging wall (a and b, respectively) 
and the footwall (b and c, respectively) of 
the MF. Only the scarp types without 
associated B-M and F-S faults were ana-
lysed. 
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 456 
Figure 5 a) Diagram plotting WRZtot (WRZ hanging wall + WRZ footwall) vs. VD (vertical component of the displacement on the 457 
MF) for the subset of data having displacement information (see Table 1); b) Enlarged view of the WRZtot vs. VD diagram for 458 
WRZtot < 200 m. The dashed line shows the inferred upper bound of the WRZ close to the main fault (WRZ < 60 m). 459 
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