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12 Abstract. We derived scaling relationships for different seismic energy metrics for earthquakes with

13 Mw > 6.0 from 1990 to 2022. The seismic energy estimations were derived with two methodologies, the
14  first based on the velocity flux integration and the second based on finite-fault models. In the first case,
15 we analyzed 3331 reported seismic energies derived by integrating far-field waveforms. In the latter
16 methodology, we used the total moment rate functions and the approximation of the overdamped
17  dynamics to quantify seismic energy from 231 finite-fault models (Ewx, and Eo, Eu, respectively). Both
18 methodologies provide compatible energy estimates. The radiated seismic energies estimated from the
19 slip models and integration of velocity records are also compared for different focal mechanisms by
20 deriving converting scaling relations among the different energy types. Additionally, the behavior of
21 radiated seismic energy (Er), energy-to-moment ratio (Ex/Mo), and apparent stress (t,) for different
22 rupture types at a global scale is examined by considering depth variations of mechanical properties,
23 such as seismic velocities and rock densities, and rigidities. For this purpose, we used a 1-D global
24 velocity model. In agreement with previous studies, our results exhibit a robust variation of 1, with the
25 focal mechanism. These parameters are, on average largest for strike-slip earthquakes, followed by
26 normal-faulting events, with the lowest values for reverse earthquakes for hypocentral depths < 180
27  km. On the contrary, at depths in the range of 180 - 240 km, 1, for reverse earthquakes is higher than

28 for normal-faulting events. Regarding the behavior of apparent stress with depth, our results agree with
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29 the existence of a bimodal distribution with two depth intervals where the apparent stress is maximum
30 for normal-faulting earthquakes. Finite-fault energy estimations also support focal mechanism
31 dependence of apparent stress, but only for shallow earthquakes (Z < 30 km). The population of slip
32  distributions used was too small to conclude that finite-fault energy estimations support the dependence
33  of average apparent stress on rupture type at different depth intervals.

34

35 1 Introduction

36 The radiated seismic energy (Er) is a crucial source parameter that accounts for the size of an
37 earthquake. The seismic energy is also a valuable parameter for understanding the dynamics of the
38 rupture, especially in the case of large and complex earthquake sources (Venkataraman and Kanamori,
39 2004a; Convers and Newman, 2011). The radiated seismic energy is considered the main contribution
40 to the total wave energy radiated by an earthquake (Boatwright and Choy, 1986). The most common
41 approach to calculating Er requires the integration of radiated energy flux in velocity-squared
42 seismograms (Haskell, 1964; Thatcher and Hanks, 1973; Boatwright, 1980; Kanamori et al., 1993;
43 Boatwright and Choy, 1986; Singh and Ordaz, 1994; Choy and Boatwright, 1995; Pérez-Campos and
44  Beroza, 2001). In order to recover the Er of an event, the seismic records have to be corrected for
45 propagation path and source effects such as attenuation, site effects, geometric spreading, radiation
46  pattern, and directivity. In calculating seismic energy, information on the Earth’s structure is required
47 since Eg needs to be measured over a broad range of distances. Inaccurate information on the Earth’s
48 structure results in uncertainties in energy estimations, particularly at higher frequencies
49 (Venkataraman and Kanamori, 2004a). Furthermore, previous studies showed that estimates of Er
50 based on regional and teleseismic data might differ by as much as a factor of 10 for the same
51 earthquake (Singh and Ordaz, 1994).

52
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53 Choy and Boatwright (1995) reported a focal mechanism dependence on Eg. Later this observation was
54 confirmed by Pérez-Campos and Beroza (2001), showing that the mechanism dependence is not as
55 strong as reported previously. The degree of dependence of seismic energy on the focal mechanism is
56 affected by several factors that bias the estimate (e.g., uncertainties in the corner frequency, geometrical
57 spreading, hypocentral depth, and focal mechanism) (Pérez-Campos and Beroza, 2001). This
58 dependence can be expressed in terms of the apparent stress (t. = y Er/M,, where pi is the rigidity, Wyss
59 and Brune, 1968), energy to moment ratio (Er/M,), or slowness parameter (® = logo(Er/M,), Newman
60 and Okal, 1998). Previous studies showed that strike-slip events have the highest apparent stress (T, =
61 0.70 Mpa), followed by normal-faulting and thrust earthquakes with 0.25 and 0.15 MPa, respectively
62 (Pérez-Campos and Beroza, 2001). On the other hand, some authors have observed that Er/M, ratio is
63 different for different types of earthquakes, particularly in subduction zones. For example, tsunami
64 earthquakes have the smallest Er/M, ratio (7 x 107 — 3 X 10®), interplate and downdip events have a
65 slightly larger ratio (5 x 10° — 2 X 10®), and intraplate and deep earthquakes have Egr/M, ratios similar
66 to crustal earthquakes (2 x 10° — 3 X 10*) (Venkataraman and Kanamori, 2004a). The origin of the
67 focal mechanism dependence is unclear, but it has been proposed that the stress drop is the cause of this
68 dependence of the radiated seismic energy on the type of faulting (Pérez-Campos and Beroza, 2001).

69

70 Other approaches have also been used to calculate seismic energy, such as those based on finite-fault
71 models (Ide, 2002; Venkataraman and Kanamori, 2004b; Senatorski, 2014). Ide (2002) calculated the
72 radiated energy using an expression based on slip and stress on the fault plane. Energy estimates from
73  this method tend to be smaller by about a factor of 3 compared with the integrating far-field waveforms
74  method. Venkataraman and Kanamori (2004b) used a formula for the energy radiated seismically from
75 a finite source as a function of the time-dependent seismic moment My(t) and the properties of the

76 medium. Here, the moment rate function derived from kinematic inversion is used to calculate the Eg.
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77  On the other hand, Senatorski (2014) used an overdamped dynamics approximation for estimating the
78 radiated seismic energy. The accuracy of this method depends on the rupture history. This approach
79 provides two energy parameters: 1) The finite-fault overdamped dynamics approximation (Eo) and, 2)
80 the energy obtained from the averaged finite-fault model (Ey). In both cases, the seismic energy
81 depends on the slip, rupture time, and seismic moment. According to Senatorski (2014), in most cases,
82  the radiated seismic energy estimated by integrating digital seismic waveforms (ER) is in the following
83 range: Ey < Er < Eo. Several seismic energy observations have been calculated and compiled in
84 different catalogs in the last two decades. In this study, we reexamine the possible dependence of
85 seismic energy on the focal mechanism with an additional classification based on the type of rupture,
86 considering pure and oblique mechanisms separately. We also investigate the potential influence of
87 focal mechanism on the derived estimates of radiated seismic energy from finite-fault models.
88 Additionally, we explored the relationship between depth and the variables Er/M; and t.. Furthermore,
89 we established conversion relationships between various types of energy estimates. These findings play
90 a crucial role in enhancing our understanding of the rupture processes associated with different types of
91 earthquakes.

92

93 2 Data and methods

94 2.1 Data

95 We retrieved and classified focal mechanism solutions from the global CMT catalog (Ekstrém et al.,
96 2012) using a ternary diagram based on the Kaverina et al. (1996) projection. This approximation
97 classifies focal mechanism into seven classes of earthquakes: 1) normal (N); 2) normal — strike-slip (N-
98 SS); 3) strike-slip — normal (SS-N); 4) strike-slip (SS); 5) strike-slip — reverse (SS-R); 6) reverse —
99  strike-slip (R-SS); and 7) reverse (R) (Fig. 1). For implementing fault-plane classification, we used the

100 software FMC developed by Alvarez-Gémez (2019). Additionally, we used radiated seismic energy
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101 data and finite-fault models reported by the Incorporated Research Institutions for Seismology (IRIS)
102 and the United States Geological Survey (USGS), respectively. To have homogeneity in the analyzed
103 data, we do not include seismic energy observations and finite-fault models from other sources to avoid
104 bias. IRIS reported automated Er solutions for global earthquakes with an initial magnitude above My
105 6.0. We studied 3331 events worldwide during the period April 1990 — October 2022 (Fig. 2). Results
106 include broadband energy solution (frequency band in the interval of 0.5 — 70 s) from vertical-
107 component seismograms recorded at teleseismic distances (25° < A < 80°) (Convers and Newman,
108 2011; Hutko et al., 2017). Finite-fault models are determined with a kinematic inversion based on the
109 wavelet domain (Ji et al., 2002). The procedure jointly inverts body and surface waves on a fault plane
110 aligned with focal mechanism estimates from USGS W-phase or gCMT solutions. We used 231 finite-
111 fault models from 1990 to 2022 (Fig. 2). After classifying the events, we determined scaling
112  relationships for the reported seismic energies and analyzed the behavior of the Er/M, ratio and t,. The
113  seismic energy was also determined using finite-fault models with the techniques described in the
114  following section to know if there is a difference in estimates related to the faulting type. Seismic
115 velocities and rock densities were taken from the ak135-F velocity model (Kennett et al., 1995;
116  Montagner and Kennett, 1995); rigidity was calculated as p = pp>.

117

118 2.2 Methods

119  2.2.1 Radiated seismic energy derived from seismic waves

120 In the following, we described the procedure to calculate Er implemented by IRIS. Radiated energies
121  used in this study were calculated with the method of Boatwright and Choy (1986) as implemented by
122 Convers and Newman (2011). Using velocity seismograms of the P-wave group (consisting of
123  P+pP+sP phases), the energy is calculated at teleseismic distances. The seismic energy flux from the P-

124  wave group (gg) is calculated from the velocity spectrum ( ulw| ) as:
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where p(z) and a(z) are the density and P-wave velocity at the source depth (z), and the exponential

term t, corrects for anelastic attenuation. Subsequently, the energy flux is corrected for geometrical
spreading, radiation pattern, and partitioning between P and S waves. The radiated seismic energy at a

given station is calculated as:

R” |
— | &p 2)

F

/ 12
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where E? 2 is the mean radiation pattern coefficient for P-waves, R’ is the geometrical spreading

factor of P-waves, F¥" is the generalized radiation pattern coefficient for the P-wave group.

\FP=(F"f+PPF" [+ =2 qlcSPF*) | 3)

where (z) is the S-wave velocity at the source depth, C is the correction for wavefront sphericity, F,,
Fpp, and Fy are radiation pattern coefficients for the P, pP, and sP waves, respectively (Aki and
Richards, 1980). The parameter q represents the relative partitioning between S and P waves (using q =
15.6, Boatwright and Fletcher, 1984). PP and SP are the reflection coefficients for the pP and sP wave
phases at the free surface. Finally, the radiated seismic energy obtained from the P-wave or S-wave

groups can be estimated with the formulae Er = (1 + q)Er* = (1 + 1/q)Ex°. For each event, the final
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146  assigned seismic energy is the average for all the stations used.

147

148  2.2.2 Radiated energy estimations from finite-fault slip models

149  Senatorski (2014) introduced a method to estimate energy parameters derived from kinematic slip
150 models. In this method, the radiated seismic energy is expressed in terms of slip velocities using an
151 overdamped dynamics approximation (Senatorski, 1994; 1995). The method provides two energy
152  parameters: 1) the overdamped dynamics energy approximation (Eo) and 2) the uniform model energy
153 estimation (Ey). The accuracy of the overdamped dynamics solutions depends on the rupture history.

154  Senatorski (2014) showed that in most cases, Ey < Er < Eo. The energy parameter E is calculated as:

155

156 E,=— > M,V 4
(o] ZB(Z) - 0 )

157

158 where f(z) is the shear wave velocity at the source depth and M|, is the seismic moment released at

159  the i-th fault segment. V' is given by V'=D'/t;, , and D, and t are the slips and risetimes at the i-th

160 segment, respectively. The averaged finite-fault model estimation assumes uniform slip ( D ), and

161  slip velocity ( V=D/T ), so

162

163 Ey=——M,V 5
U 2[;‘2) 0 > ( )

164

165 where M, is the total seismic moment, and T is the rupture duration.
166

167
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168  2.2.3 Radiated energy estimates based on moment rate functions of slip models

169 The radiated seismic energy can also be calculated through moment rate functions of finite-fault
170 models (Haskell, 1964; Aki and Richards, 1980; Rudnicki and Freud, 1981; Venkataraman and
171  Kanamori, 2004b). By ignoring the contribution from P-waves, which accounts for less than 5 % of the
172  total radiated energy, the radiated energy derived from moment rate functions (Em) can be written as

173 (Venkataraman and Kanamori, 2004b):

174

175 mr[:%T‘M(t)o‘zdt ,
10mp(z|B°(z) 9

176

177  where p(z) and f(z) are the density and S-wave velocity, respectively, at the source depth, and M (t)o

178 s the derivative of the moment rate function ( M O(I) ) estimated from a finite-fault model.

179

180 3 Results

181 We used different methods to quantify the radiated seismic energy. Table 1 shows the calculated scaling
182  relationships for Er for each energy method and type of faulting. Figs. 3, 4, 5, and 6 display the energy
183 scaling relations derived from the velocity flux integration (Eg), overdamped dynamics energy
184 approximation (Eo), the uniform model energy estimation (Ey), and moment rate function methods
185 (Ewmn), respectively. Our results showed some disparities in the calculated radiated seismic energies
186 obtained with different techniques or data types. When comparing Er with the other methods to
187  estimate seismic energy, we find that the lowest average difference factors are for Eq estimates, ranging
188 from 0.28 to 0.77 (Fig. 7). Conversely, mean difference factors can be as high as 20 for Ey estimations
189 (Fig. 8). Average difference factors exhibit intermediate values for Ey calculations, fluctuating from

190 1.53 to 3.27 (Fig. 9). Regarding the rupture type, reverse earthquakes have the highest dispersion, but

8
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191 they have the most significant number of observations (Figs. 7 to 9). Conversion relationships between
192 Egand Eo, Ey, and E, are presented in Table 2, which may be helpful when considering either method
193  of estimation.

194

195 In terms of the Er/M ratio, our results showed that SS, SS-N, and SS-R events have the highest mean
196  wvalues (3.06 x 10”° < Ex/M, < 3.75 x 10®) (Fig. 10). R-SS earthquakes have a slightly lower mean ratio
197 (Ew/M, = 2.87 x 10°) (Fig. 10). Average Ex/M, ratio fluctuates from 2.31 x 10® to 2.37 x 10® for N-SS
198 and N events, respectively (Fig. 10). On the other hand, the lowest values of Er/M, are related to R
199 earthquakes (Er/M, = 1.70 x 10®) (Fig. 10). Most of the rupture types present a differentiated behavior
200 of Er/M, in terms of depth with the existence of two clusters, above and below about 300 km depth
201 (Fig. 11). In contrast, strike-slip earthquakes demonstrate a distinct pattern, with the majority of Er/M,
202 observations concentrated at depths shallower than 50 km (Fig. 11). Furthermore, at shallow depths, the
203 radiated energy-to-moment ratio shows large variability compared to observations of deep earthquakes
204 (Fig. 11).

205

206 Previous studies have provided evidence that mean 1, estimates can be obtained using regression
207 models, specifically through the equation logy Er = logiy My+b with 1, = p10°, supporting the focal
208 mechanism dependence of Er (Choy and Boatwright, 1995; Pérez-Campos and Beroza, 2001). To test
209 that this dependence persists with depth, we conducted regressions every 30 km of depth considering
210 variations of p and at least ten observations. First, we evaluated reported seismic energy observations
211 based on the velocity flux integration method (Table 3). Our results for average apparent stress agree
212 with previous studies where 1, follows the following behavior (R-SS, R) < (N-SS, N) < (SS, SS-N, SS-
213 R) in the range of 0 — 180 km (Table 3). On the contrary, 1, is higher for R events than for N

214  earthquakes at depths from 180 to 240 km (Table 3). At depths higher than 240 km, only N events were

9
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215 obtained under the assumptions considered. In Table 3, we summarized results for all the depth
216 intervals showing the mean values and their 95% log-normal geometric spread.

217

218 Our results also showed that N and N-SS events exhibit a bimodal distribution of 1, with depth (Fig.
219  12). The most significant values of 1, occur in two depth ranges of approximately 40 — 60 km and 580 —
220 650 km, where maximum apparent stresses approach 8 and 16 MPa, respectively (Fig. 12). N-SS, R, R-
221  SS, SS-N, and SS-R events also showed two maximum values of 1, ranging from 7 to 11 MPa and 9 to
222 15 MPa for shallow and deep earthquakes, respectively (Fig. 12). For SS events, there is only one depth
223 range over which 1, for strike-slip earthquakes shows maxima. In this case, the highest values of 1, are
224 found in the deeper depth range from 50 to 100 km (ts ~ 12 MPa) (Fig. 12). On the other hand, the
225 average apparent stress estimates based on the finite-fault models exhibit a similar dependence on the
226  focal mechanism than those obtained with the velocity flux integration method at shallow depths (Z <
227 30 km) (Table 4). Regressions showed that 1, follows the following behavior R < N < (SS, SS-R) for Ey
228 and E.. estimations (Table 4). In contrast, Eo showed no clear dependence of 1, with the focal
229 mechanism (Table 4). Due to the constraint of at least ten observations (slip distributions) for each 30
230 km depth interval, we could not analyze the dependence of 1, on the type of faulting at a deeper depth.
231

232 4 Discussion

233 In this study, we analyzed radiated seismic energy and parameters that measure the amount of energy
234 per unit of the moment, such as the apparent stress and the energy-to-moment ratio (also known as
235 scaled energy or apparent strain), considering their respective particularities. The advantage of using 1,
236 is that it can be related to other stress processes associated with the seismic rupture, such as the stress
237  drop. On the other hand, many finite-fault models of the spatiotemporal slip history for moderate and
238 large earthquakes exist. From these models, important information can be extracted, such as fault

10
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239 dimensions (Mai and Beroza, 2000), static stress drop (Ripperger and Mai, 2004), or radiated seismic
240 energy (Ide, 2002; Senatorski, 2014). When using finite-fault models to determine Ey, it is necessary to
241 consider that they usually explain low-frequency seismic waves. However, the higher-frequency wave
242  contribution is necessary for calculating the total radiated seismic energy. This issue brings differences
243 among finite-fault energy estimates and those from integrating far-field waveforms.

244

245  Furthermore, finite-fault seismic energy estimations are strongly affected by event location, the number
246 of available data, faulting parameterization, and velocity structure. The degree of discrepancy between
247  the finite-fault energy estimates (Em, Eo, and Ey) with respect to the velocity flux integration method
248 (EgR) is variable among the different types of seismic energy. For example, the moment rate functions
249  are relatively robustly determined by teleseismic data, while rupture dimensions are strongly affected
250 by model parameters (Ye et al., 2016). This may explain why the average difference factor (Er/Ev) is
251 greater than the Er/En. factor (Figs. 8 and 9). Another source of discrepancies in finite-fault energy
252 calculations comes from the spatial and temporal smoothing in resolving the kinematic slip distribution
253 and the rupture velocity assigned. Errors associated with the assumptions are tough to quantify as they
254  propagate into the energy estimates in complex ways.

255

256  Our results agree with previous estimates of Eo and Ey, confirming that Ex € (Ey, Eo) for most
257  earthquakes. The overdamping approximation (Eo) can be used to characterize the heterogeneity of the
258 rupture process. Senatorski (2014) states that if the ratio Eo/Er is < 0.4, the rupture can be represented
259 as a simple dislocation rupture. Eo/Er > 1 is expected in the case of heterogeneous rupture processes.
260 On the other hand, some of the suggested explanations for the observation that Eo > Egr are: 1) the
261 finite-fault slip models require refinement; 2) the seismic energy estimations require correction for

262 directivity, modified attenuation factors, or sites effects; and 3) some other factors are not considered in

11
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263  the calculations such as the fact that the energy dissipation is not taken into account by the planar faults
264  (Senatorski, 2014).

265

266 The radiated seismic energy scaled by seismic moment is an essential characterization of earthquake
267 dynamics. The low Er/M, of reverse events is associated with tsunami events being compatible with the
268 results of previous studies (Newman and Okal, 1998; Venkataraman and Kanamori, 2004a; Convers
269 and Newman, 2011; Ye et al., 2016). Our results showed that Er/M, has a large scatter from 6 x 107 to 2
270 x 10 for all the rupture types, but no evident magnitude dependence (Fig. 10). One of the reasons for
271 the dispersion of Er/M is that it depends on many seismogenic properties of the source region (Fig.
272 10). As a consequence, Er/M, varies significantly in different tectonic environments and deep
273  conditions such as pressure and temperature (Fig. 11). Even within the same tectonic environment,
274  Egx/M, has significant variations, as has been reported by Plata-Martinez et al. (2019) in the Middle
275 American Trench, where variations in Ex/M, are associated with heterogeneities along the trench, such
276 as asperities patches. The different types of earthquakes have differences in the frequency content of
277  the seismic energy released.

278

279 Venkataraman and Kanamori (2004a) reported that Eg/M, is in the range of 5 x 10® — 2 x 10” for
280 interplate and downdip earthquakes, which are mainly consistent with reverse and normal faulting. Our
281 results showed that the average values of Er/M, for R and N events are 1.70 x 10” and 2.37 x 107,
282 respectively, and both values are within the interval defined by Venkataraman and Kanamori (2004a).
283 The Er/M, ratio for deep earthquakes varies from 2.0 x 10™ to 3.0 x 10* (Venkataraman and Kanamori,
284  2004a). We found that Er/M, for deep earthquakes of all types of rupture is in the interval of 2 x 10 —
285 2 x 10 but with a predominance of 1.0 x 10 > Ex/M, (Fig. 11). Despite the Er/M, scatter, our results

286 depict a general trend for the average values of Er/M,, which can be expressed as R < (N, N-SS, R-SS)

12
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287 < (SS, SS-R, SS-N) (Fig. 10), a similar tendency was reported by Convers and Newman (2011) where
288 Ewr/M, follows R <N < SS.

289

290 Our results support the previously reported focal mechanism dependence of Er (Choy and Boatwright,
291 1995; Pérez-Campos and Beroza, 2001; Convers and Newman, 2011) but narrow the range.
292 Examination of mean t, with various focal mechanisms and at different depths has been done for
293 different earthquake sizes and tectonic settings. We identified the largest values of apparent stress for
294  strike-slip events, intermediate values for normal-faulting events, and lowest for reverse-faulting events
295 in the depth interval of 0 — 180 km (Table 3). On the other hand, our results showed that at depths
296 between 180 and 240 km, 1. for reverse earthquakes is higher than for normal-faulting events. This can
297  be explained, for example, in subduction zones, deep reverse earthquakes occur in the lower part of the
298 slab, where they are subjected to significantly large compressive stresses. A precise characterization of
299 the depth dependence of t, remains unclear at depths greater than 240 km. In Table 3, we present and
300 compare our results for 1, supporting the observation of the dependence of Er on the type of faulting.
301 The origin of this focal dependence is unclear, but it has been raised that it reflects a mechanism-
302 dependent difference in stress drop (Pérez-Campos and Beroza, 2001). It can be highlighted with an
303 alternative definition for the apparent stress assuming that the dynamic and static stress drops are
304 roughly equivalent. Then 1, can be expressed as 1, = (nNr Ac)/2, where nr is the seismic efficiency, and
305 Ao is the stress drop (Convers and Newman, 2011). Allmann and Shearer (2009) provided additional
306 information to support the role of stress drop on the dependency of apparent stress with the type of
307 faulting. They found a dependence of median stress drop on the focal mechanism with a factor of 3-5
308 times higher stress drops for strike-slip events and two times higher stress drops for intraplate events
309 compared to interplate events.

310

13
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311 Nevertheless, other interpretations of the apparent stress variation are related to the mechanical
312 properties of the rock, such as the reduction of rigidity in shallow subduction environments or
313 increment in lithostatic pressure if no change in regional rigidity is assumed (Convers and Newman,
314 2011). In fact, the variation of such estimates concerning expected spatial variations in rigidity is an
315 issue that still needs attention. Choy and Kirby (2004) also suggested that 1, can be related to fault
316 maturity. For example, lower stress drops are needed to reach rupture in mature faults. On the contrary,
317 earthquakes generated at immature faults (low cumulative displacement) radiate more energy per unit
318 of seismic moment. Regarding the behavior of 1, with depth, our results agree with the existence of a
319 bimodal distribution with two depth intervals where the apparent stress is maximum for normal-
320 faulting earthquakes, as reported by Choy and Kirby (2004). We also found that almost all types of
321 faulting (SS-N, SS-R, R-SS, R, N-SS, and N) show two depth ranges where the stress is maximum, but
322 in the case of normal-faulting earthquakes, it is very well defined. On the other hand, almost all strike-
323 slip earthquakes show a single interval of depths where the apparent stress is maximum (Fig. 12).
324  Earthquakes with an oblique focal mechanism show a mixed behavior of 1, as is the case of the SS-N
325 and SS-R events that present similar characteristics to normal and reverse earthquakes in terms of the
326  depth distribution of T.

327

328 In terms of the spatial distribution of Er and 1, (Figs. S1 to S14), the highest values of 1, for N events
329 are located at the border between the Nazca and South American plates, the Eurasian and Philippine
330 plates, the Indo-Australian and Pacific plates, the Philippine and Pacific plates, and the Pacific and
331 North American plates (in the Alaska region) (Fig. S1). Regarding the seismic energy of earthquakes,
332 the regions where the most energetic earthquakes have occurred concur with the aforementioned areas,
333 with the addition of the border between the Cocos and North American plates (Fig. S2). The high 1,

334 normal-faulting events are associated with regions of intense deformation, such as a sharp slab bending

14
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335 or zones where opposing slabs collide (Choy and Kirby, 2004). At shallow depths (Z < 35 km), high-t,
336 events are related to the beginning of the subduction beneath the overriding plate (Choy and Kirby,
337  2004). Our results support the observation that the average apparent stress of intraslab normal-faulting
338 events is considerably higher than the average 1, of interplate thrust-faulting earthquakes reported by
339 Choy and Kirby (2004) (Figs. S1 and S5).

340

341 In the case of R earthquakes, the highest values of Er and 1, are in the limit of the Eurasian and
342  Philippine plates, the Nazca and South American plates, the Philippine and Pacific plates, the Indo-
343 Australian and Pacific plates, and, the Eurasian and Indo-Australian plates (Figs. S5 and S6). In
344  contrast, strike-slip events with the highest values of Er and 14 are on the border between the African
345 and Eurasian plates (in Tiirkiye), the Eurasian and Indo-Australian plates, the Philippine and Eurasian
346 plates, the Indo-Australian and Pacific plates (in New Zealand), and the Caribbean and South American
347 plates (Figs. S13 and S14). We have found that several SS earthquakes are located in the oceanic
348 lithosphere at depths < 50 km. Many of the SS events with high t, are located near the plate-boundary
349 triple junctions where there are high rates of intraplate deformation, as previously reported by Choy
350 and McGarr (2002).

351

352 Finally, when using seismic energy estimates based on finite-fault models (Eo and E..), a clear
353 dependence of the average apparent stress with the focal mechanism is observed at shallow depths (Z <
354 30 km) (Table 4). For example, using Ey and Enx, the average 1, follows R < N < (SS-R, SS). If Eo is
355 used, the mean apparent stress exhibits similar values for SS-R, N, and R events (Table 4). However,
356 the lack of a significant number of observations for some types of earthquakes makes it challenging to
357 evaluate the use of finite-fault models to determine apparent stress. Despite these limitations, the

358 methods used to estimate the seismic energy based on finite-fault models are a quick alternative to

15
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359 calculate a range of energy variation once a slip distribution is obtained.

360

361 5 Conclusion

362 We studied the radiated seismic energy, energy-to-moment ratio, and apparent stress for a different type
363 of faulting. Our data relies on different methodologies employing the velocity flux integration and
364 finite-fault models to determine the seismic energy. The approach based on slip distributions involved
365 the utilization of two techniques: 1) total moment rate functions and 2) overdamped dynamics
366 approximation. We analyzed 3331 energy observations derived from integrating far-field waveforms.
367 On the other hand, we used 231 finite-fault models. The energy estimates are consistent with each
368 other, with the maximum average difference factor for Ey estimates followed by E.. and Eo,
369 respectively. The estimated energy differences are within the margin reported in the literature, which
370 can reach a factor higher than 10. The methods used to estimate seismic energy based on finite fault
371 models are an easily implemented alternative that gives results compatible with the seismic record
372 integration technique, given the larger uncertainties of these methods. We also derived scaling
373 relationships for the different types of energies and conversion relations.

374

375 In terms of the behavior of the Exr/M, ratio, our results showed a high scatter without a clear
376 dependence on magnitude. Like previous studies, we observe a robust variation of Er/M, with the type
377  of faulting, which can be expressed as R < (N, N-SS, R-SS) < (SS, SS-R, SS-N). Our Er/M, estimates
378 for deep earthquakes are also consistent with reported values. By analyzing the average apparent stress,
379 our results also support the previously reported focal mechanism dependence of Er at depths ranging
380 from O to 180 km. We found that normal-faulting events have intermediate values of 1, between strike-
381 slip and reverse events using the energy flux integration approach in agreement with previous studies.

382 On the other hand, 1« for reverse earthquakes is higher than for normal-faulting events at depths

16
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383 between 180 and 240 km. In contrast, a clear focal mechanism dependence is observed when finite-
384 fault methods are used to estimate the mean apparent stress at shallow depths (Z < 30 km). This study's
385 population of slip distributions was too small to conclude that finite-fault energy estimations support
386 the mechanism dependence of average apparent stress at different depths. There are two depth ranges
387 over which apparent stress for SS-N, SS-R, R-SS, R, N-SS, and N earthquakes shows maxima.
388 Earthquakes with an oblique focal mechanism show a mixed behavior of energy parameters since it has
389 common characteristics of two types of faults; in some cases, one of them predominates over the other.

390
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(Er) and moment rate (En«) energy estimations as a function of seismic moment. Lines represent the

mean values (continuous) of different rupture types and their standard deviation (dashed).
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572  Figure 10. The estimated energy-to-moment ratios plotted as a function of the seismic moment for all

573 the rupture types. The solid and dashed lines show the mean value and standard deviations,

574  respectively.
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576 Figure 11. The calculated hypocentral depth for all the rupture types as a function of energy-to-moment
577  ratios. Lower right panel shows the ak135-F global velocity model.
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580 Figure 12. Hypocentral depth for the different rupture subsets as a function of apparent stress (T.).
581 Color curves are the probability density functions (PDFs). Calculated rigidity as a function depth based
582 on the ak135-F global velocity model used to calculate t, (lower right panel).
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583 Table 1. Regression results for the radiated seismic energy scaling relationships. The scaling relation is
584 given by logiy E = a logiy My + b, where E is the radiated seismic energy based on velocity flux
585 integration (ERr), the overdamped dynamics approximation of the radiated energy (Eo), the energy
586 obtained from the averaged finite-fault model (Ey), or the energy obtained from moment rate functions
587 (Emw) in J, M, is the seismic moment in Nm. D? is the determination coefficient, a is the slope, Sa is the
588 standard error of a, b is the intercept, and Sb is the standard error of b.

Parameter a  Sa b Sb D’ Rupture type Method

Er [J] 1.04 0.02 -5.47 0.47 0.76 SS Velocity flux integration

Er [J] 1.09 0.04 -6.42 0.78 0.83 SS-N Velocity flux integration

Er [J] 1.05 0.03 -5.57 0.65 0.84 SS-R Velocity flux integration

Er [J] 1.10 0.03 -6.62 0.48 0.89 R-SS Velocity flux integration

Er [J] 1.01 0.01 -5.10 0.21 0.85 R Velocity flux integration

Ex [J] 1.05 0.03 -5.72 0.64 0.84 N-SS Velocity flux integration

Er [J] 1.16 0.02 -7.67 0.33 0.87 N Velocity flux integration

Eo [J] 1.14 0.16 -6.93 3.17 0.68 SS Finite-fault model

Eo [J] 1.25 0.18 -9.35 3.67 0.87 SS-N Finite-fault model

Eo [J] 0.88 0.17 -1.86 3.39 0.68 SS-R Finite-fault model

Eo [J] 1.28 0.30-10.21 6.18 0.51 R-SS Finite-fault model

Eo [J] 0.86 0.07 -1.57 1.38 0.59 R Finite-fault model

Eo [J] 1.27 0.13 -9.50 2.55 0.94 N-SS Finite-fault model

Eo [J] 1.10 0.14 -6.26 2.80 0.65 N Finite-fault model

Eu [J] 1.31 0.13-11.85 2.56 0.81 SS Finite-fault model

Ey [J] 1.51 0.19-15.92 3.76 0.90 SS-N Finite-fault model

Ey [J] 0.95 0.15 -4.86 3.06 0.75 SS-R Finite-fault model

Ev [J] 1.40 0.20-14.00 4.05 0.74 R-SS Finite-fault model

Ey [J] 1.12 0.05 -8.44 1.03 0.81 R Finite-fault model

Ey [J] 1.29 0.20-11.68 4.11 0.87 N-SS Finite-fault model

Ey [J] 1.09 0.09 -7.68 1.76 0.82 N Finite-fault model

Emre [J] 1.23 0.15 -9.61 297 0.74 SS Moment rate function

Ere [J] 1.32 0.21 -11.42 4.30 0.84 SS-N Moment rate function

Eme [J] 1.08 0.07 -6.75 1.50 0.94 SS-R Moment rate function

Emnre [J] 1.44 0.18 -14.02 3.71 0.79 R-SS Moment rate function

Emt [J] 1.02 0.07 -5.76 1.44 0.65 R Moment rate function

Emre [J] 1.36 0.18 -12.25 3.61 0.91 N-SS Moment rate function

Em [J] 1.08 0.10 -6.68 2.05 0.77 N Moment rate function
589
590
591
592
593
594
595
596
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597 Table 2. Conversion relationships among the different types of energies. Er is the radiated seismic

598 energy based on velocity flux integration, Eo is the overdamped dynamics approximation of the

599 radiated energy, Ey is the energy obtained from the averaged finite-fault model, and E... is the energy

600 obtained from moment rate functions.
Rupture type Parameters Model a Sa b Shb D?
SS ER, Eo IOgloER =da 10g10E0+ b 0.61 0.12 5.83 190 0.54
SS-N ER, Eo logioEr = a logwEo+ b 0.75 0.09 3.60 1.42 0.91
SS-R Er, Eo logiEr = a logioEo+ b 0.37 0.16 9.96 2.60 0.30
IN-SS ER, Eo longR =da 10g10E0+ b 0.61 0.19 5.78 3.19 0.66
N Er, Eo logiEr = a logiwEo+ b 0.59 0.10 6.23 1.67 0.52
R-SS ER, Eo IOgloER =da 10g10E0+ b 0.44 0.12 8.90 195 0.49
R ER, Eo logioEr = a logwEo+ b 0.70 0.06 4.27 091 0.59
SS ER, Ey IOgloER =da logloEu+ b 0.61 0.11 6.67 1.59 0.59
SS-N Eg, Ey logiEr = a logiwEu+ b 0.63 0.08 6.40 1.18 0.89
SS-R ER, Ey IOgloER =da logloEu+ b 0.35 0.17 10.73 2.43 0.28
N-SS ER, Ey logioEr = a logwEy+ b 0.54 0.18 7.96 2.65 0.63
N Ex, Ey logiEr = a logioEy+ b 0.78 0.11 450 1.62 0.61
R-SS ER, Ey lOgloER =da IOgloEu+ b 0.56 0.11 7.82 1.58 0.66
R Eg, Ey logiEr = a logiwEu+ b 0.69 0.04 5.67 0.63 0.69
SS ER, Enx logioEr = a logioEm:+ b 0.66 0.10 5.49 1.56 0.65
SS-N ERr, Enx logioEr = a logiEm:+ b 0.70 0.09 493 1.32 0.90
SS-R ER, Enne IOgloER =a IOgloEmr[+ b 0.52 0.14 7.84 2.16 0.54
N-SS Eg, Enn logiEr = a logioEm:+ b 0.55 0.21 7.23 3.30 0.57
N ERr, Enn logioEr = a logioEm:+ b 0.78 0.11 3.81 1.79 0.60
R-SS ERr, Enx logioEr = a logioEm:+ b 0.62 0.10 6.41 1.50 0.75
R ER, Enn logiEr = alogioEm:t+ b 0.73 0.04 4.54 0.55 0.78

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618
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619 Table 3. Estimations of average apparent stress (7,) for different faulting types based on the velocity
620 flux integration method. 7, is calculated with the following model: logicEr = logio Mo+b, where 1, =
621 10°. We assume p=[ as the average rigidity in a specific depth interval of 30 km. 7, and 7,* are the
622 95% de upper and lower confidence intervals for the mean. 3 and 4 indicate 7, results from Choy and
623 Boatwright (1995) and Pérez-Campos and Beroza (2001), respectively (botton lines).
Depth 1 1.[MPa] 7.'[MPa] 12 [MPa]
[km] [MPa] SS SS-N SS-R N-SS N R-SS R SS SS-N SS-R N-SS N R-SS R SS SS-N SS-R N-SS N R-SS R
0<z<30 3.48x10*0.72 0.75 0.90 0.72 0.50 0.79 0.43 3.51 3.31 3.41 2.20 1.91 2.34 1.40 0.15 0.17 0.24 0.24 0.13 0.26 0.13
30<z<60 5.33x10* 1.95 1.49 2.47 1.33 1.03 1.29 0.68 6.76 8.65 9.79 6.55 4.57 4.92 2.82 0.56 0.26 0.62 0.27 0.23 0.39 0.16
60<z<90 6.65x 10 1.75 3.08 1.58 1.37 0.73 6.75 12.21 6.85 9.55 4.33 0.45 0.78 0.37 0.19 0.12
90<z<120 6.67x10* 1.88 1.49 1.96 1.45 13.59 5.95 8.55 7.08 0.26 0.37 0.45 0.30
120<2z<150 6.73x 10° 122 1.15 1.13 1.38 0.90 5.55 6.57 3.76 5.43 7.86 0.27 0.20 034 0.35 0.10
150 <z<180 6.81x 10* 1.55 1.38 3.93 7.79 0.61 0.24
180<z <210 6.90x 10° 109 135 407 552 029 033
210 <z <240 7.07x 10* 1.19 1.34 5.17 6.04 0.27 0.30
540 <z <570 1.16x 10° 2.39 7.61 0.75
570 <z <600 1.19x 10° 2.88 14.88 0.56
600 <z <630 1.23x10° 3.33 18.76 0.59
3.00 x 10° 3.55% 0.48° 0.32° 20.69° 4.16° 254 0.61° 0.05° 0.04*
3.00 x 10° 0.70* 0.25* 0.15* 1.01* 0.30* 0.19*  0.49* 0.21* 0.12¢
624
625
626 Table 4. Estimations of average apparent stress (7.) for different faulting types based on slip
627  distributions (Ewr, Eu, and Eo). 74 is calculated with the following model: logcEr = logio M+b, where 1,
628 = p 10°. We assume p=f as the average rigidity in a specific depth interval of 30 km. ,' and 7,* are
629 the 95% de upper and lower confidence intervals for the mean. 3 and 4 indicate 7, results from Choy
630 and Boatwright (1995) and Pérez-Campos and Beroza (2001), respectively (botton lines).
Depth I_,l 1«[MPa] 7.'[MPa] 12 [MPa]
[km] [MPa] SS SS-N SS-R N-SS N R-SS R SS SS-N SS-R N-SS N R-SS R SS SS-N SS-R N-SS N R-SS R
Emn
0<z<30 3.48x10* 0.52 0.33 0.31 0.16 5.72 1.36 2.10 1.47 0.05 0.08 0.05 0.02
30<z<60 5.33x10* 0.24 2.28 0.03
Ey
0<z<30 3.48x10*2.78 1.41 2.59 1.50 32.77 23.19 21.79 19.92 0.24 0.08 0.10 0.11
30<z<60 533x10° 231 30,51 0.17
Eo
0<z<30 3.48x10° 0.10 0.04 004 003 091 051 024 017 001 001 009 0005
30<z<60 5.33x10* 0.04 0.25 0.007
3.00 x 10° 3.55% 0.48° 0.32° 20.69° 4.16° 254 0.61° 0.05° 0.04*
3.00 x 10° 0.70* 0.25* 0.15* 1.01* 0.30* 0.19*  0.49* 0.21* 0.12¢
631
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