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Highlights  9 

• Geological evidence shows plate boundary (PB) & intraplate faults evolve differently. 10 

• PB faults are narrower and do not increase in width with increasing displacement. 11 

• PB faults are narrow regardless of total slip events or local fault structure. 12 

• We infer narrow PB faults do not process intact rock as much during seismic events. 13 

• We infer PB faults dissipate less energy resulting in higher magnitude earthquakes. 14 

 15 

Abstract 16 

As repeated slip events occur on a fault, energy is partly dissipated through rock fracturing and 17 

frictional processes in the fault zone and partly radiated to the surface as seismic energy. 18 

Numerous field studies have shown that the core of intraplate faults is wider on average with 19 

increasing total displacement (and hence slip events). In this study we compile data on the fault 20 

core width, total displacement and internal structure (e.g., fault core composition, host rock 21 

juxtaposition, slip direction, fault type, and/or the number of fault core strands) of plate 22 

boundary faults to compare to intraplate faults (within the interior of tectonic plates). Fault core 23 

thickness data show that plate boundary faults are anomalously narrow by comparison to 24 

intraplate faults and that they remain narrow regardless of how much total displacement (hence 25 
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how many earthquakes) they have experienced or the local structure of the fault. By examining 26 

the scaling relations between seismic moment, average displacement and surface rupture length 27 

for plate boundary and intraplate fault ruptures, we find that for a given value of displacement 28 

in an individual earthquake, plate boundary fault earthquakes typically have a greater seismic 29 

moment (and hence earthquake magnitude) than intraplate events. We infer that narrow plate 30 

boundary faults do not process intact rock as much during seismic events as intraplate faults. 31 

Thus, plate boundary faults dissipate less energy than intraplate faults during earthquakes 32 

meaning that for a given value of average displacement, more energy is radiated to the surface 33 

manifested as higher magnitude earthquakes. By contrast, intraplate faults dissipate more 34 

energy and get wider as fault slip increases, generating complex zones of damage in the 35 

surrounding rock and propagating through linkage with neighboring structures. The more 36 

complex the fault geometry, the more energy has to be consumed at depth during an earthquake 37 

and the less energy reaches the surface. 38 

 39 
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1. Introduction  43 

The earthquake energy balance as defined by Kanamori & Anderson (1975; see also Kanamori 44 

& Brodsky, 2001 and references therein) states that the total energy released during an 45 

earthquake is partly absorbed on the fault plane by fracturing and frictional dissipation and 46 

partly radiated out of the source as seismic waves. This can be expressed simply as equation(1): 47 

𝐸! = (𝐸" + 𝐸#) + 𝐸$                                                     (1) 48 

where ET is the total energy released, EG is the fracture energy needed to create a new surface 49 

area, EF is the frictional energy required to slide along that surface and ER is radiated energy. 50 

Seismic data can be used to estimate EG and ER (from a power-law dependence with slip and 51 

from the seismic moment, respectively) but not EF (Shearer, 2009). From a geological 52 

perspective, when considering the processes active along faults during coseismic slip, EG and 53 

EF cannot be separated (Shipton et al., 2006a). This is because there are several physical 54 

processes that occur near the rupture front and in the surrounding rock (termed damage zone; 55 

Fig. 1) that involve frictional and/or fracture energy (Shipton et al., 2006a). These include 56 

gouge production, cataclasis, fracturing in the damage zone, the dissolution and growth of 57 

minerals and slip weakening mechanisms such as thermal pressurization or silica gel formation 58 

(e.g., Kirkpatrick and Shipton, 2009). All of these consume energy, preventing it radiating to 59 

the surface. Together, they are referred to as the dissipative energy (EG + EF). During repeated 60 

slip events, energy will continue to be dissipated by these processes in the fault zone (both in 61 

the fault core and damage zone). 62 

 63 

The physical processes that occur during rupture control the evolution of the fault over time, 64 

and hence with increasing total fault displacement. Compilations of data from multiple fault 65 

studies have shown that, on average, faults get wider as total displacement increases (e.g., 66 

Childs et al., 2009; Shipton et al., 2006b; Torabi et al., 2019; Van Der Zee et al., 2008; 67 
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Wibberley et al., 2008), albeit with a large range in magnitude of width for a given 68 

displacement (Shipton et al 2006b). It is thought that this increase in width is due to the linkage 69 

of fault segments via relay formation and breaching (Childs et al., 2009, 2017; Fossen & 70 

Rotevatn, 2016 and references therein; Fig. 1). That is, low displacement faults represent a 71 

stage of early growth and are thin but evolve into wide fault zones as they extend in length, 72 

link with adjacent faults and become more complex in structure. However, the vast majority of 73 

the faults in these datasets are from intraplate settings (faults within the interior of tectonic 74 

plates and not the boundary of such plates).  75 

 76 

The relationship between the total displacement on a fault and the evolution of fault core width 77 

has not previously been explored for plate boundary faults, even though these are responsible 78 

for ~90% of global seismicity. Here, we compile and harmonise a global dataset of intraplate 79 

and plate boundary fault core width and total displacement data in order to examine whether 80 

these fault systems evolve in a similar way with repeated slip events. Given the 81 

interdependence between fault structure and earthquake processes (e.g., Kirkpatrick & Shipton, 82 

2009), we then examine the local structure (fault core composition, wall rock juxtapositions, 83 

fault type and number of fault core stands) between all plate boundary faults in our dataset. 84 

Further, we examine the scaling relations between seismic moment, average displacement and 85 

surface rupture length to compare estimates of radiated seismic energy for intraplate and plate 86 

boundary fault events of the same average displacement. Finally, we infer how fault zone 87 

processes could cause the systematic differences observed between plate boundary and 88 

intraplate fault systems.  89 

 90 
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2. Methods 91 

We first compiled data on fault core width (as defined in Fig. 1) and total displacement from 92 

the peer-reviewed scientific literature. A fault is typically composed of one or more high-strain 93 

fault core(s) surrounded by an associated fractured damage zone (c.f. Caine et al., 1996; Fig. 94 

1). We focus on the fault core because the majority of earthquake slip is accommodated by the 95 

core and the width is more easily constrained than the damage zone width (see Savage and 96 

Brodsky, 2011). As the classification method and terminology used to describe fault 97 

architecture can be ambiguous (Shipton et al., 2019), we developed an approach designed to 98 

harmonise the reported data to facilitate comprehensive comparison. To ensure consistency in 99 

our dataset, we only include studies where the width and composition (fault rock type) of the 100 

fault core are clearly defined and are reported as being distinct from the damage zone. 101 

Therefore, as in Torabi et al. (2019), we define the fault core width as the cumulative, across-102 

fault width of gouge, breccia, cataclasite, shale smear, lenses and/or diagenetic features on both 103 

sides of the fault (Fig. 1). If more than one fault core is described for a single fault zone, we 104 

estimate the fault core width as the total width of each of the fault core strands and not the 105 

collective width across multiple fault cores (i.e., the host rock entrained between the strands is 106 

not included in the width measurements). To ensure the definition of width is consistent, studies 107 

which report fault core width but provide no information on its composition are not included. 108 

Total displacement is measured from slip vector orientations and the separation of markers 109 

across the fault (Fig. 1).  110 

 111 

We use the same criteria to compile data for plate boundary faults, where the fault core refers 112 

to zones accommodating most of the strain across the fault. In total we find data for 75 sites on 113 

13 plate boundary faults. Our dataset combines our own field observations of the exhumed 114 

Highland Boundary fault (McKay et al., 2020) with field and borehole studies of both modern 115 
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and ancient examples of plate boundary faults. These include the San Andreas fault 116 

(Holdsworth et al., 2011; Moore and Rymer, 2012), North Anatolian fault (Dor et al., 2008), 117 

Alpine fault (Barth et al., 2013; Toy et al., 2015), Carboneras fault (Faulkner et al., 2003), 118 

Median Tectonic Line (Wibberley and Shimamoto, 2003), Nankai Trough (Ujiie and Kimura, 119 

2014), Japan Trench (Kirkpatrick et al., 2015), Chelungpu thrust (Heermance et al., 2003; Yeh 120 

et al., 2007), Longmenshan thrust (Li et al., 2013) and ancient subduction boundaries from the 121 

compilation of Rowe et al. (2013). Where available, we include all reported data points along 122 

a single plate boundary fault to capture the spatial heterogeneity along-strike. Using this data, 123 

we then construct schematic structural logs to compare the local structure both along an 124 

individual plate boundary and between plate boundaries. 125 

 126 

To complement our findings on intraplate and plate boundary fault widths, we gather data from 127 

the peer-reviewed scientific literature to examine earthquake scaling relations between 128 

intraplate and plate boundary fault events. We focus on the scaling relations between seismic 129 

moment, average displacement and surface rupture length. We extend the dataset of Scholz et 130 

al. (1986) by determining which earthquakes in the Wells & Coppersmith (1994) dataset are 131 

plate boundary or intraplate fault events and by adding in examples from Wesnousky (2006; 132 

2008). We separate the data based on fault type (plate boundary and intraplate fault events) and 133 

also by the method in which the seismic moment was determined (derived from seismological 134 

observations or from field observations). The calculation of seismic moment from field 135 

observations uses an estimate of the average fault displacement (Fig. 1). Since our aim is to 136 

investigate the relationship between seismic moment, average displacement and surface 137 

rupture length, our analyses focus on those events for which the seismic moment has been 138 

determined from the frequency spectrum of the recorded displacement (frequency spectrum 139 

analyses or moment tensor solutions). Thus, we ensure all measurements are independently 140 
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derived and prevent a circular argument; no assumptions are made about the fault dimensions 141 

in modelling the seismic energy release (seismic moment).   142 

 143 

3. Results 144 

3.1. Comparing Fault Core Width and Total Displacement for Intraplate and Plate 145 

Boundary Faults 146 

Like previous compilations (Childs et al., 2009; Shipton et al., 2006b; Torabi et al., 2019; Van 147 

Der Zee et al., 2008; Wibberley et al., 2008), we obtain a statistically significant (p value 148 

0.0004), positive power-law trend between fault core width and total displacement for 149 

intraplate faults over several orders of magnitude (Fig. 2). In our dataset there are a higher 150 

number of lower displacement faults, perhaps reflecting the difficulty in identifying a reliable 151 

or preserved displacement marker for faults with larger total displacement. For this reason, the 152 

trendline underpredicts the width of larger displacement faults (displacement >24 m). 153 

 154 

Based on the observed relationship for intraplate faults, plate boundary faults with large total 155 

displacement values (>1000 m) would be expected to have wide fault cores. However, we find 156 

plate boundary faults are distinct from the trend (Fig. 2). Instead, plate boundary faults are 157 

consistently narrow with fault core widths between 0.07 m and ~35 m and there is no 158 

statistically significant (p value 0.155) relationship with total displacement. This finding is 159 

regardless of either the fault type (strike-slip or convergent, there are no data for divergent 160 

boundaries) or the distance along-strike. Interestingly, whilst plate boundary faults are 161 

consistently 1-2 orders of magnitude narrower than would be predicted by the trend for 162 

intraplate faults, their variability along-strike is similar; the width of both intraplate and plate 163 

boundary faults ranges by 2-3 orders of magnitude for a single value of displacement on an 164 
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individual fault. Therefore, despite plate boundary faults being consistently narrower, the 165 

along-strike variance in fault width is similar.  166 

 167 

3.2. Plate Boundary Fault Structure and Composition 168 

We could hypothesise that plate boundary fault cores are consistently narrower than intraplate 169 

faults because they have simple, uniform structures. To test this, we constructed schematic 170 

structural logs for each plate boundary exposure and drill core intersection reported in the 171 

published scientific literature. Fig. 3 shows a sub-set of these logs: the full set is available in 172 

the supplementary information (S2 and S3). Whilst all these plate boundary faults are narrow, 173 

their structures are not the same or simple. For example, the Highland Boundary fault (HBF) 174 

is a sinistral strike-slip fault with 115 ± 85 km total displacement (McKay et al., 2020 and 175 

references therein). In all mapped exposures the fault core is a single strand that varies in width 176 

between 2.95 to 10.7 m (Fig. 3) (McKay et al., 2020). The host rocks remain constant along-177 

strike as the fault separates serpentinite from basement rocks at all exposures. In contrast, the 178 

fault core of the dextral strike-slip North Anatolian fault (NAF) remains narrow despite 179 

juxtaposing different host rock lithologies along-strike (Fig. 3) (Dor et al., 2008). Unlike the 180 

HBF and NAF, the Chelungpu thrust is a convergent boundary with a minimum of 14 km total 181 

displacement (Heermance and Evans, 2006). The fault principally slips within siliciclastic 182 

sedimentary rocks. At some exposures the fault core is composed of a single strand that varies 183 

in width between 0.07 to 1.77 m (Heermance et al., 2003; Yeh et al., 2007). At other exposures 184 

the fault core consists of a number of strands 0.1 to 2.45 m wide (Fig. 3 and S2 and S3) 185 

(Heermance et al., 2003; Yeh et al., 2007). Thus, the fact that plate boundaries are narrow 186 

appears not to be related to the host rock, slip directions, plate boundary type (strike-slip or 187 

convergent), distance along-strike or the number of fault strands. These all but the plate 188 

boundaries remain comparatively narrow.  189 
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 190 

Based on this small dataset it may be the case that the fault core is narrowest when wall rocks 191 

of contrasting competencies juxtapose the fault, i.e., mechanically weak serpentinite against 192 

basement or sedimentary rock, compared to basement against basement or sedimentary against 193 

sedimentary with similar competencies. For example, the San Andreas fault is narrowest (0.15 194 

m) when serpentinite juxtaposes sedimentary rocks (Moore and Rymer, 2012) and widest (9.1 195 

m) when sedimentary rock juxtaposes sedimentary rock (Holdsworth et al., 2011) (Fig. 3). This 196 

suggests the strength contrast between the faulted layers (mechanical stratigraphy) may, in part, 197 

control the variations in fault core width along-strike, but it clearly does not control the average 198 

width.  199 

 200 

3.3.  Comparing Intraplate and Plate Boundary Fault Earthquake Events 201 

To examine whether there is any evidence in the seismological literature for a difference in the 202 

energy emitted by intraplate and plate boundary faults we examined the scaling relations 203 

between seismic moment, average displacement and surface rupture length. Seismic moment 204 

(M0) is a measure of the “size” or “work” of an earthquake (Bormann et al., 2013). It can be 205 

calculated from fault slip dimensions measured in the field or from aftershock distributions 206 

using the formula (equation(2)): 207 

𝑀% = 𝜇𝐴𝐷            (2) 208 

where, 𝜇 is the shear modulus, A is the event rupture area and D is the average displacement 209 

on the fault during coseismic rupture i.e. the average displacement caused by the individual 210 

seismic event (Fig. 1; Kanamori & Anderson, 1975; Kanamori & Brodsky, 2001). 211 

Alternatively, it can be measured from the source spectra of body or surface waves (from the 212 

integral of the far-field displacement, or from the amplitude of the near-field displacement) or 213 

is derived from a moment tensor solution (Bormann et al., 2013). As such, calculating the 214 



Confidential manuscript submitted to Earth and Planetary Science Letters 
 

seismic moment from spectral analyses is independent from average displacement. Whilst M0 215 

is not a direct measure of energy, it is linearly related to the radiated seismic energy (ER) by 216 

the formula (equation(3)): 217 

𝐸$ ≈ 𝜂$
∆'!
()
𝑀%           (3) 218 

where, 𝜂$=ER/(ER+EG) is radiated efficiency and ∆𝜎* is the static stress drop, i.e., the difference 219 

between shear stresses on the fault before and after the earthquake (Bormann et al., 2013; 220 

Venkataraman & Kanamori, 2004 and references therein). As stated in Kanamori & Brodsky 221 

(2004), it is also linearly related to the magnitude (Mw) by the formula (equation(4)): 222 

𝑀+ = (𝑙𝑜𝑔𝑀% − 9.1)/1.5          (4) 223 

Thus, the higher the seismic moment, the higher the radiated seismic energy and the higher the 224 

magnitude of the resulting earthquake. 225 

 226 

We find that for a given value of average displacement, plate boundary fault earthquakes 227 

typically have a greater seismic moment (Fig. 4a) and rupture a longer length at the surface 228 

(Fig. 4b) compared to intraplate faults. Our analyses show the best-fit line derived only from 229 

those events for which seismic moment has been derived from spectral analyses (as explained 230 

previously); however, for information, seismic events with field-derived seismic moments are 231 

also included on (Fig. 4) (unfilled symbols) and clearly show the same trends. These findings 232 

imply that plate boundary faults do not dissipate as much energy as intraplate faults during 233 

earthquakes meaning that for a given value of average displacement, more energy is radiated 234 

to the surface resulting in a greater seismic moment and hence a higher magnitude earthquake.  235 

 236 

4. Discussion 237 

For the first time fault core width and total displacement data have been compared for plate 238 

boundary and intraplate faults. We observe that the evolution of plate boundary faults is 239 



Confidential manuscript submitted to Earth and Planetary Science Letters 
 

different to the more widely studied and better understood evolution of intraplate faults. Plate 240 

boundary faults are anomalous when compared to the global population of intraplate faults; 241 

they have narrower fault cores and the fault core width does not increase with increasing 242 

displacement. Keren & Kirkpatrick (2016) previously observed that the damage zone width of 243 

the Japan Trench was anomalously narrow and did not follow the damage zone width to total 244 

displacement trend described for intraplate faults (Mayolle et al., 2019 and references therein). 245 

It may therefore be possible that a similar compilation of fault damage zone widths may also 246 

show that plate boundary faults have anomalously narrow damage zones compared to intraplate 247 

faults. This would make sense given plate boundary fault zone dissipate less energy (Fig. 4), 248 

therefore less energy is available to crack the surrounding rock as much.  249 

 250 

Scholz et al. (1986), state that intraplate fault cores are thin (gouge widths 1-10 m), whereas 251 

plate boundary faults are wide (gouge width 100-1000 m) as a result of increased continuous 252 

dynamic wear of the wall rock with increased total displacement. However, no data are 253 

provided to back up their statement and our compilation of published data (Fig. 2) contradicts 254 

their proposition. Delogkos et al. (2020), suggest that all increases in fault zone width are the 255 

result of structural linkage and Power et al. (1988) show from experimental data that wall-rock 256 

wear switches off when a fault zone gets wide enough. From our compilation of plate boundary 257 

structures (Fig. 3), we suggest plate boundary fault cores are consistently narrow regardless of 258 

their structure. The fault core composition, host rock, slip direction, fault type, and/or the 259 

number of fault core strands all vary, both along an individual plate boundary and between 260 

plate boundaries, but in all examples the fault core remains consistently narrow. We suggest 261 

plate boundary faults remain narrow as they are not required to grow in the same way as 262 

intraplate faults. Plate boundary faults start as pre-existing, inherited structure on regional-scale 263 

zones of weakness. As such, their tips do not terminate within intact rock - they terminate at 264 
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triple junctions with other plate boundaries (McKenzie and Morgan, 1969). As a result, they 265 

are not required to grow in length either by damaging intact rock at their tips or by linking with 266 

other pre-existing structures (as shown for intraplate faults in Fig. 1).  The lack of linkage zones 267 

will tend to produce smoother structures. The lack of a relationship between fault zone width 268 

and total displacement on plate boundaries tends to support the hypothesis of Delogkos et al. 269 

(2020) for intraplate faults, i.e. that fault cores increase in width only due to progressive fault 270 

linkage, and that once they reach a sufficient width they can accommodate slip events without 271 

continuous processing of the wall rock - as appears to be the case for plate boundary faults.  272 

 273 

Several authors have demonstrated that the more total displacement a fault accumulates, the 274 

smoother and straighter its surface geometry (e.g., Brodsky et al., 2011; de Joussineau & 275 

Aydin, 2009; Sagy et al., 2007; Stirling et al., 1996; Wesnousky, 1988). Therefore, plate 276 

boundary faults with large total displacement values should be expected to have smooth and 277 

straight surface geometries as proposed by Wesnousky (1988). Using a combination of rock 278 

friction experiments and numerical modelling, Zielke et al. (2017) discuss the role of fault 279 

roughness on the stress drop and earthquake magnitude and postulate that smoother faults 280 

generate larger earthquakes compared to rougher faults under the same tectonic loading 281 

conditions. That is, faults with smoother surfaces do not need to consume as much energy to 282 

slip (i.e. dissipate less energy) compared to faults with rougher surfaces. The observations we 283 

present supports this hypothesis. Fig. 4b demonstrates that for a given value of average 284 

displacement plate boundary faults rupture a longer length at the surface compared to intraplate 285 

faults. This implies that it may not be as easy to terminate a rupture on a plate boundary than 286 

on a rougher intraplate fault, which makes sense if they are narrow (Fig. 2), smooth 287 

(Wesnousky, 1988) and terminate at triple junctions and not within intact rock. Further, as 288 

demonstrated by the 1992 Landers earthquake, extra energy is required to hop over segments 289 
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within faults (Hauksson et al., 1993). Therefore plate boundary faults, which are long structures 290 

not formed via fault linkage, will absorb less energy through segment hopping, allowing more 291 

energy to be radiated to the surface, manifested as higher magnitude earthquakes. By contrast, 292 

intraplate faults dissipate energy and get wider as fault slip increases, generating complex zones 293 

of damage in the surrounding rock and propagating through linkage with neighbouring 294 

structures (Fig. 1). The more complex the final fault geometry, the more energy has to be 295 

consumed at depth and the less energy reaches the surface (Ross et al., 2018). 296 

 297 

5. Conclusions 298 

Fault cores are well documented as getting wider and developing more complex geometries 299 

with increasing total displacement, albeit with a wide range in widths at a single value of 300 

displacement. This occurs through repeated rupture events which comminute fault slip surfaces 301 

and progressively fracture the surrounding intact rock at the fault tips and in a zone of damage 302 

that surrounds the fault. We have compiled data from the peer-reviewed literature to show that 303 

this relationship between fault core width and increasing displacement does not hold for plate 304 

boundary faults, which are anomalously narrow by comparison to intraplate faults and do not 305 

show the same trend of increasing average width with increasing displacement. From a 306 

compilation of plate boundary structures, we find plate boundary faults remain narrow 307 

regardless of how many earthquake events they have experienced or their local fault structure  308 

(fault core composition, host rock juxtaposition, slip direction, fault type, and/or the number of 309 

fault core strands). By examining the scaling relations between seismic moment, average 310 

displacement and surface rupture length for plate boundary and intraplate fault ruptures, we 311 

confirm that plate boundary faults display a greater seismic moment than intraplate faults for a 312 

given displacement and show that they also rupture a longer length. We propose that this occurs 313 

because plate boundary faults are anomalously narrow, they are comparatively smooth and 314 
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terminate at triple and not intact rock, and since our data show they do not increase in width 315 

with increasing displacement, they are not processing intact rock as much during seismic 316 

events. Thus, plate boundary faults do not dissipate as much energy as intraplate faults during 317 

earthquakes meaning that for a given value of average displacement, more energy is radiated 318 

to the surface resulting in higher magnitude earthquakes. 319 
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Fig. 1. Schematic diagram comparing the terms used in this paper with the typical fault 

core/damage zone fault structure. Figure modified from Childs et al. (2009).  

Double column figure; colour in print 
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Fig. 2. Log-log plot of fault core width and total displacement for intraplate (greyscale) and 

plate boundary (colour) faults. The trendline shows the linear, statistically significant (p 

value 0.0004) relationship between fault core width and total displacement for intraplate 

faults and is extrapolated to large displacement values. There is no trend for plate boundary 

faults (p value 0.155). Displacement is unknown for the data in the Rowe et al. (2013) 

compilation due to a lack of preserved displacement markers. Strike-slip faults are 

represented by squares, reverse/thrust faults by triangles, normal faults by circles and an 

unknown sense of motion by diamonds. See the Supplementary Information for a 

description and sources of all data. 
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Fig. 3. Schematic structural logs illustrating fault core width and composition for plate 

boundary faults. MTL, Median Tectonic Line. See Supplementary Information for the full 

set of Logs and data. Full page figure; colour in print 
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Fig. 4. Comparing intraplate and plate boundary fault earthquake events. a) Log-log plot of 

average displacement against seismic moment. We separate the data based on fault type 

(plate boundary fault – squares; intraplate faults – circles) and also the method in which the 

seismic moment was determined (derived from seismological data – colour; derived from 

field data – unfilled). We only show the best-fit line where the seismic moment has been 

derived from seismological data as the axes are truly independent. The fit line colour 

matches data points (blue - plate boundary; pink - intraplate events). b) Log-log plot of 

average displacement and surface rupture length of the fault associated with the earthquake 

event. The average displacement is not available for all events; therefore, the plots do not 

show exactly the same events. 
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