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 7 

The cold Fiji-Tonga subduction zone accounts for >75% of cataloged deep earthquakes but 8 

none of the largest ten in the last century. On 19 August 2018 and 06 September 2018, a 9 

deep earthquake doublet with moment magnitude (Mw) 8.2 and 7.9 struck the Fiji area, 10 

providing a rare opportunity to interrogate the behaviors of great deep earthquakes in cold 11 

slabs. By cursory examination, the doublet rupture dimensions and aftershocks are similar 12 

to the 1994 Bolivia Mw 8.2 earthquake in a warm slab, instead of the 2013 Okhotsk Mw 8.3 13 

event in a cold slab. This appears to contradict the traditional view that slab temperature 14 

controls deep earthquakes. However, we find that neither event was confined within the 15 

cold Tonga slab core: the Mw 8.2 ruptured mostly in the warmer rim of the Tonga slab and 16 

the Mw 7.9 occurred in a warm relic slab leaning on top of the Tonga slab. The Fiji doublet 17 

demonstrates local slab temperature as the critical factor for deep earthquakes, and reveals 18 

complex interaction of subducted slabs in Tonga. 19 
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1. Introduction 22 

Since the discovery of deep earthquakes below 300 km in the 1920s, the Fiji-Tonga subduction 23 

zone has produced more than 75% of global deep seismicity above magnitude 4, but none of the 24 

ten largest deep earthquakes (Houston, 2015). This deficit of large events is reflected in Fiji-25 

Tonga’s higher Gutenberg-Richter b value than in other subduction zones (Wiens and Gilbert, 26 

1996; Zhan, 2017), and was commonly attributed to its colder slab with older incoming plate and 27 

faster plate convergence (Wiens and Gilbert, 1996; Wiens, 2001). On August 19th, 2018, the 28 

first instrumentally recorded M>8 Fiji deep earthquake occurred (Fig. 1A), with a centroid depth 29 

of 556 km (Fig. S1) and a moment magnitude (Mw) 8.2, slightly smaller than the 1994 Bolivia 30 

Mw 8.2 earthquake, the second largest deep earthquake after the 2013 Okhotsk Mw 8.3 earthquake 31 

(Table S1). The Mw 8.2 Fiji event produced hundreds of aftershocks, elevating seismic activity 32 

within a few hundred kilometers. On September 6th, a Mw 7.9 earthquake occurred about 250 km 33 

to the west at 655 km depth (Fig. S1), being the second largest deep earthquake in the Fiji-Tonga 34 

region. Background seismicity in the Mw 7.9 source area had been minimal but increased 35 

substantially since the Mw 8.2 earthquake (Fig. 1B). Presumably, the Mw 8.2 event triggered the 36 

Mw 7.9, forming the first magnitude 8 (M8) deep earthquake doublet (Tibi et al., 2003b; Ye et al., 37 

2016). 38 

The Fiji deep doublet and their aftershocks provide a unique opportunity to test our 39 

understanding of the still enigmatic deep earthquake mechanism, especially the properties of 40 

great deep earthquakes in cold slabs. The primary control on deep earthquakes appears to be slab 41 

temperature, which is often represented by the thermal parameter 𝜙 𝑎 ∗ 𝑣 ∗ sin 𝜃, where 𝜃 is 42 

slab dip, 𝑎 is incoming plate age, and 𝑣 is plate convergence rate (Kirby et al., 1991; Wiens and 43 

Gilbert, 1996). Deep earthquakes have only been detected in subduction zones with 𝜙 above 44 



EarthArXiv Preprint                                                                                                                                                 Submitted to EPSL 

 3

2000 km, and the maximum depths of earthquakes increase monotonically with 𝜙 (Gorbatov et 45 

al., 1997). In addition to the aforementioned b-value difference, deep earthquakes in cold slabs 46 

are substantially more productive in aftershocks than those in warm slabs (Wiens and Gilbert, 47 

1996). Rupture processes of large deep earthquakes also show systematic dependence on slab 48 

temperature (Tibi et al., 2003a). For example, the 2013 Okhotsk Mw 8.3 earthquake in the cold 49 

Kuril subduction zone (𝜙~6000 km) had higher rupture speed, lower stress drop, and higher 50 

seismic radiation efficiency (i.e., lower dissipation) than the 1994 Bolivia Mw 8.2 event in the 51 

warm South America subduction zone (𝜙~2000 km) (Zhan et al., 2014). Large deep earthquakes 52 

in the cold Fiji-Tonga subduction zone (𝜙~8000 km) may then be expected to be more brittle in 53 

rupture, more efficient in seismic energy radiation, and to produce more aftershocks. To evaluate 54 

these properties, we analyze the source processes of the 2018 Fiji doublet through modeling of 55 

seismic observations, and compare their rupture properties, aftershock productivities and thermal 56 

environments with previous large deep earthquakes. 57 

2. Rupture properties of the Fiji doublet 58 

In this section, we estimate the radiated seismic energy of the Fiji doublet based on body-wave 59 

magnitudes (mB), determine focal mechanisms of their initial ruptures through P-wave first-60 

motion polarities, and image the rupture processes through subevent inversion of globally 61 

observed seismograms.  62 

2.1 Radiated seismic energy and radiation efficiency 63 

Here we use an empirical approach that converts global estimates of body wave magnitude mB to 64 

radiated energy 𝐸  (Gutenberg and Richter, 1956; Kanamori and Ross, 2018). We use 65 

teleseismic (from 30 to 80) vertical component seismograms on the Global Seismic Network 66 
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(GSN) and the international Federation of Digital Seismograph Networks (FDSN) stations from 67 

IRIS DMC (Incorporated Research Institutions for Seismology Data Management Center) to 68 

estimate the body-wave magnitude mB. After removing the instrumental responses, we convolve 69 

the displacement seismograms with the Wiechert-type instrumental response. Then, we measure 70 

the P wave peak amplitude and period (Tp) and correct for the instrument gain at the period of the 71 

peak phase to determine the ground motion amplitude (Ap). The body-wave magnitude mB at 72 

each station is calculated by 73 

𝑚 𝑙𝑜𝑔 𝑄 ∆, ℎ                                                     (1) 74 

where 𝑄 is an empirical function of epicentral distance ∆ and earthquake depth ℎ (Kanamori and 75 

Ross, 2018). The final body-wave magnitude is the median value of mB from all stations. We 76 

related the body-wave magnitude mB to radiated seismic energy ER using an empirical equation 77 

(Gutenberg and Richter, 1956; Kanamori and Ross, 2018): 78 

𝑙𝑜𝑔 𝐸 5.8 2.4 𝑚                                                       (2) 79 

where 𝐸  is in ergs. Kanamori and Ross (2018) verified the accuracy of the above equation by 80 

comparing with previous radiated energy estimates and found differences within a factor of two 81 

for deep earthquakes. Once the radiated seismic energy is obtained, the scaled energy can be 82 

computed with 𝐸 /𝑀 , where 𝑀  is the seismic moment from the Global CMT catalog 83 

(www.globalcmt.org). 84 

We find that the radiated energy estimates for the Fiji doublet are not substantially higher than 85 

for previous M8 deep earthquakes: 1.29 10  ergs and 2.31 10  ergs for the Mw 8.2 and Mw 86 

7.9 earthquakes, respectively (Table 1). In comparison, our estimated 𝐸  for the 1994 Bolivia 87 

and the 2013 Okhotsk earthquakes are 1.42 10  ergs and 1.72 10  ergs, consistent with 88 



EarthArXiv Preprint                                                                                                                                                 Submitted to EPSL 

 5

previous measurements (Kanamori et al., 1998; Ye et al., 2013). After normalization by their 89 

seismic moments 𝑀 , there is no substantial difference in the scaled energy 𝐸 /𝑀  for all four 90 

events (Table 1), given the uncertainties of 𝐸 . Therefore, the Fiji events, although in the world’s 91 

coldest subduction zone, did not radiate more seismic energy than events in warmer subduction 92 

zones. Further comparison of radiation efficiency 𝜂 𝐸 /𝛥𝑊  requires estimating the 93 

available strain energy 𝛥𝑊 𝑀 𝛥𝜎/2𝜇, and stress drop 𝛥𝜎 ∝ 𝑀 /𝐿  is highly sensitive to the 94 

earthquake rupture dimension 𝐿. Hence, to quantify whether the Fiji doublet are more 95 

seismically efficient than previous large deep earthquakes in warmer subduction zones, we need 96 

to constrain the rupture dimensions of these earthquakes consistently.  97 

2.2 First-motion focal mechanisms 98 

To gain insights on possible ruptures complexities, we first investigate the initiations of the Fiji 99 

doublet ruptures, by examining their first-motion focal mechanisms relative to the centroid 100 

moment tensors. We manually pick the first arrivals of broadband P waves on both regional and 101 

teleseismic stations, identify their polarities, and determine the geometries of nodal planes. Fig. 2 102 

shows the observed P-wave polarities and the estimated first-motion mechanisms (solid lines and 103 

shades), with substantial differences from the best-fitting double-couple mechanisms based on 104 

the Global CMT solutions (dashed lines). For the Mw 8.2 earthquake, the difference in focal 105 

mechanism (strike/dip of 56°/80° vs. 13°/70°) is mostly due to the positive polarities observed at 106 

stations to the southwest (SW) directions (Fig. 2A). Polarity observations of the Mw 7.9 107 

earthquake indicate a strike-slip mechanism, with two nodal planes of strike/dip = 38°/85° and 108 

128°/80°, both of which deviates substantially from the double-couple component of the Global 109 

CMT solution (strike/dip=305°/57° and 207°/77°) (Fig. 2B). The differences between the first-110 
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motion mechanisms and the centroid mechanisms indicates substantial changes in fault geometry 111 

or rake angle during the ruptures of the Fiji doublet, which we accommodate in the subevent 112 

inversions. 113 

2.3 Rupture processes and aftershocks 114 

We image the doublet rupture processes and dimensions by subevent inversions. Our subevent 115 

inversion method parameterizes a large earthquake as a series of point sources (subevents) and 116 

uses teleseismic P, SH, and pP waveforms to constrain properties of individual subevents. It is 117 

similar to a previous method applied to the 1994 Bolivia and 2013 Okhotsk earthquakes (Zhan et 118 

al., 2014), but includes subevent focal mechanisms explicitly to quantify changes of radiation 119 

pattern along rupture. Furthermore, pP depth phases added to the inversion help resolve possible 120 

variations in subevent depths. In this method, we invert for the centroid locations, centroid times, 121 

durations, and moment tensors of all subevents. Our method combines non-linear inversion for a 122 

subset of parameters and linear inversion for the rest. We apply Markov Chain Monte Carlo 123 

(MCMC) method to sample the posterior Probability Density Functions (PDFs) of the nonlinear 124 

parameters including the timings, locations, and durations of subevents. For a given set of 125 

subevent timings, locations, and durations (i.e., one MCMC sample), we evaluate the apparent 126 

source time function for each station, and linearly invert the seismic data for the subevent 127 

moment tensors. The data misfit from the set of nonlinear parameters and the corresponding 128 

moment tensor solutions is then used to estimate the probability in the MCMC inversion. 129 

Compared with a fully non-linear inversion scheme, this hybrid approach requires much less 130 

computation to search the parameter space, hence provides more robust solutions. The number of 131 

subevents increases iteratively until the waveforms are fit well. More details of our subevent 132 

method can be found in the supplementary material. 133 
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The subevent model for the Mw 8.2 earthquake (Fig. 3A, Fig. S2, Table S2) shows two stages of 134 

rupture. The first stage includes subevent E1 (centroid time 𝜏 =8.15 s, Mw 7.55), E2 (𝜏 =10.88 s, 135 

Mw 7.66), and E3 (𝜏 =13.16 s, Mw 7.61), aligned approximately in the NE direction with similar 136 

focal mechanisms (average strike/dip/rake=43°/84°/77°, 160°/18°/152°). E1’s focal 137 

mechanism from waveform inversion confirms the first-motion polarities of teleseismic P waves 138 

(Fig. 2A). Posterior Probability Density Functions (PDFs) of the subevent depths suggest that E3 139 

is about 15 km shallower than E1 and E2 (Fig. S3), preferring the stage 1 rupture to be on the 140 

steep NE-strike fault plane (strike/dip=43°/84°), which is also supported by the nearly vertical 141 

band of aftershocks (Fig. 4A). The largest subevent of stage 1, E2, appears to have triggered 142 

large slip on multiple faults in stage 2. Subevents E4 (𝜏 =14.88 s, Mw 7.81), E5 (𝜏 =17.47 s, Mw 143 

7.72) and E6 (𝜏 =20.81 s, Mw 7.83) are aligned towards the northwest (NW) and they have 144 

relatively similar focal mechanisms (average strike/dip/rake=3°/71°/100°, 213°/23°/63°). The 145 

difference in radiation pattern between the two stages (Fig. 2A) is evident on the teleseismic P-146 

wave displacement seismograms with flipping polarities (Fig. 3B, Fig. S4). Posterior PDFs 147 

suggest that E2, E4, E5, and E6 rupture sequentially towards shallower depths by about 30 km 148 

(Fig. 4B, Fig. S3), rejecting the shallow west-dipping nodal plane (strike/dip=213°/23°) as the 149 

rupture plane. Furthermore, as E2, E4, E5, and E6 centroid locations are not aligned in the north-150 

south (N-S) direction, it is also unlikely that they occurred on the N-S striking, steep fault plane 151 

(strike/dip=3°/71°). This disagreement between the subevent strikes and the alignment of their 152 

locations is also confirmed by a simpler three-subevent model (Fig. 5), in which the two main 153 

subevents E2 and E3 are aligned from SE to NW, being located shallower, while their strikes are 154 

north. Therefore, we conclude that the stage 2 rupture must involve multiple faults, although the 155 
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exact geometry is uncertain (e.g., en echelon vs. perpendicular faults). Previous magnitude 7 156 

deep earthquakes in Fiji-Tonga show a diversity of fault geometries (Warren et al., 2007). The 157 

sum of the subevent moment tensors explains the long period moment tensor solution of the Mw 158 

8.2 earthquake well, including the ~10% non-double-couple (non-DC) component (Fig. S2). The 159 

overall subevent dimension of stage 2 is ~30 km, about the same as stage 1 but with much larger 160 

total moment. The two stages altogether contribute to a total rupture dimension of ~50 km, 161 

consistent with the three-subevent model (Fig. 5). To further confirm whether the estimation of 162 

rupture dimension is insensitive to our specific subevent parameterization and choice of number 163 

of subevents, we conduct another inversion approximating the earthquake as a single Haskell 164 

source. The result is a unilateral rupture towards the NW with a length close to 60 km, roughly 165 

consistent with the values from subevent inversions. However, the Haskell source model cannot 166 

capture the distribution of moment along rupture, or the changes in depth and moment tensor. 167 

The Mw 8.2 earthquake produced over 400 M>4 aftershocks during the following 80 days, more 168 

than any previous deep earthquake. In comparison, the 2013 Okhotsk and 1994 Bolivia 169 

earthquakes produced 71 and 4 M>4 aftershocks in the same duration, respectively. After 170 

correcting for differences in catalog completeness and mainshock magnitudes (Utsu and Ogata, 171 

1995; Peng et al., 2007), the aftershock productivity of the 2018 Fiji Mw 8.2 is similar to the 172 

1994 Fiji Mw 7.6 earthquake, and significantly higher than other large deep earthquakes (Fig. 6). 173 

However, the distribution of the Fiji Mw 8.2 aftershocks is non-uniform and does not follow the 174 

mainshock slip distribution. Here we relocate the Mw 8.2 main shock and its aftershock using a 175 

teleseismic double difference algorithm (Pesicek et al., 2010). More details can be found in the 176 

supplementary materials. The aftershocks concentrated in a NE-strike band, aligned with the 177 

inferred fault plane for the stage 1 rupture but are sparser around the stage 2 rupture (Fig. 3A, 4A; 178 
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Fig. S8-S9), which accounts for most of the total moment. This suggests that the aftershock 179 

productivities of the two stages of the Mw 8.2 are substantially different.  180 

The Mw 7.9 event of the Fiji doublet has ~30% non-double-couple (non-DC) component in the 181 

USGS WPhase and the Global CMT solutions, compared with ~10% for the Mw 8.2 event. This 182 

large non-DC is reflected by the diverse subevent focal mechanisms we derived from waveforms 183 

(Fig. 3A, Fig. S10-S13, Table S3), and supported by the deviation of polarity-based focal 184 

mechanism from the best-fitting double-couple of the Global CMT solution (Fig. 2). The 185 

earthquake first ruptured to the east (E1-E2), then the major subevents (E3 to E6) occurred in a 186 

cluster from SW to NE direction (Fig. 3A). Given the uncertainty of subevent locations and focal 187 

mechanisms, it is unclear whether they ruptured on a single NE-strike fault plane or as a cascade 188 

of ruptures on multiple faults (Fig. S10). By including both teleseismic depth phases (pP) and the 189 

up-going direct P and SH waveforms recorded by a local station MSVF in our inversion, we find 190 

that the Mw 7.9 event ruptured a 20 km depth range (Fig. S11-S14). The largest four subevents 191 

from E3 to E6 account for ~90% of the total moment and are concentrated within 40 km from 192 

each other laterally (Fig. 3A), comparable to the subevent dimension of the Mw 8.2 event’s stage 193 

2 rupture.  194 

3. Implications for temperature dependence of deep earthquakes 195 

The rupture dimensions of the Fiji doublet from our subevent models seem to contradict the 196 

expectation of higher radiation efficiency for large deep earthquakes in a cold subduction zone. 197 

Fig. 7 displays five large deep earthquakes’ subevent models at the same scale, all derived from 198 

consistent methodology for comparison. The Fiji doublet’s rupture dimensions are similar to that 199 

of the 1994 Bolivia earthquake in the warm South American subduction zone and substantially 200 

smaller than the 2013 Okhotsk earthquake in the cold Kuril subduction zone. With 𝐸 /𝑀  for all 201 
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these large deep earthquakes being similar to each other (Table 1), the radiation efficiency (𝜂 ) 202 

estimates depend strongly on the rupture dimensions (𝐿), 𝜂 ∝ 𝛥𝜎 ∝ 𝐿 /𝑀  However, both 203 

the Mw 8.2 and the Mw 7.9 Fiji events may have ruptured more than one fault, which makes the 204 

definition of rupture dimension or even the applicability of the stress drop scaling 𝛥𝜎 ∝ 𝑀 /𝐿  205 

questionable. Furthermore, the rupture dimensions on individual faults are poorly constrained 206 

without clear subevent directivity. This is a fundamental limitation of observing the sources from 207 

far field. Nevertheless, if we take the overall area in which subevents, especially the ones with 208 

the largest moments, are located as a proxy of the rupture dimension, the relatively compact 209 

rupture dimensions of the Fiji doublet suggest inefficient ruptures in terms of seismic radiation, 210 

despite being in the world’s coldest subduction zone. This seems to contradict the view that slab 211 

temperature is the primary control on the rupture behaviors of deep earthquakes.  212 

However, a more detailed comparison of the Fiji Mw 8.2 subevent model and the distribution of 213 

background seismicity suggest that the main rupture was not confined to the cold core of the 214 

Tonga slab, but occurred mostly in the warmer portion of the slab. Background deep seismicity 215 

is generally assumed to represent the cold brittle core of slabs (Antolik et al., 1999; Wiens, 2001). 216 

This assumption is supported by observations in areas with high-resolution tomography models 217 

and earthquake locations, such as the Japan subduction zone (Tao et al., 2018). In northern Fiji-218 

Tonga, background seismicity forms a southeast (SE)-strike, steeply dipping band (Fig. 3A, 4B). 219 

Wiens et al. (1993) reported a deep double seismic zone with a refined regional catalog and 220 

further interpreted as top and bottom edges of a metastable olivine wedge in the cold slab core. 221 

They also noticed that the 1994 Mw 7.6 Fiji deep earthquake (Fig. 1A), ~40 km NW of the 2018 222 

Mw 8.2 event, started within the background seismic band but ruptured outside the band to the 223 

north and northeast. We confirm this observation with our subevent model for the 1994 Fiji event, 224 
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with a Mw 7.3 subevent E1 in the center of the seismic band and a Mw 7.4 subevent E2 towards 225 

northern edge of the band (Fig. 3A, Fig. 7, Table S4). The 2018 Mw 8.2 earthquake had a similar 226 

rupture process but was more complicated. It initiated near the center of the background 227 

seismicity band and ruptured on a nearly vertical fault perpendicular to the slab strike toward the 228 

northeast (NE), away from the slab core. The second stage of rupture (E2, E4~6), which accounts 229 

for most of the moment, all ruptured near the edge of the background seismic band, about 30 km 230 

away from the center line (Fig. 3). Thermal modeling of the subducted Tonga slab suggests that 231 

the temperature around the stage 2 rupture would be ~900 °C, 200 °C warmer than the center 232 

(Fig. 8B). This inferred temperature difference for the two rupture stages is also supported by the 233 

distribution of aftershocks, with most aftershocks around the lower-moment stage 1 near slab 234 

center (Fig. 3A). The temperature dependence of deep aftershock productivity has been observed 235 

in many subduction zones (Wiens and Gilbert, 1996), but is happening within the Fiji Mw 8.2 236 

between the cold core and warm slab rim. 237 

The Mw 7.9 earthquake, on the other hand, appears to occur within the relic Fiji slab, which is 238 

overall warmer than the adjacent Tonga slab. This event is a good example of so-called “isolated 239 

large deep earthquakes” that occur in region with little background seismicity and produce very 240 

few aftershocks (Lundgren and Giardini, 1994). The Mw 7.9 event produced much fewer 241 

aftershocks than the Mw 8.2 earthquake (Fig. 6), especially if we only consider those within the 242 

mainshock rupture area (Fig. 7). Other examples of isolated events include the 1954 Mw 7.9 243 

Spain, the 1970 Mw 8.0 Colombia, and the 2015 Mw 7.9 Bonin Islands earthquakes. It is proposed 244 

that isolated deep earthquakes occur in warm or remnant slabs that have difficulty nucleating 245 

spontaneously. But once started or triggered, isolated deep earthquakes can rupture and 246 

completely release the high stress accumulated over time, therefore leaving little residual stress 247 
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for aftershocks (Kirby et al., 1996; Frohlich, 2006; Cai and Wiens, 2016). The 2018 Mw 7.9 Fiji 248 

earthquake occurred where the relic Fiji slab has been long inferred, based on seismicity/focal 249 

mechanisms, tomographic models, and geodynamic investigation of the tectonic history (Chen 250 

and Brudzinski, 2001; Brudzinski and Chen, 2003; Richards et al., 2011). In particular, both 251 

regional (Conder and Wiens, 2006) and global (Fukao and Obayashi, 2013) models show a high 252 

velocity zone above the Tonga slab (Fig. 8A). The 2009 Mw 7.3 Fiji deep earthquake (Fig. 1A) 253 

also triggered aftershocks that illuminated the normally aseismic relic slab (Cai and Wiens, 254 

2016). The remnant slab presumably subducted from the initiation of the Vanuatu trench 255 

approximately 15 million years (Ma) ago (Seton et al., 2012). The consumed Australian plate 256 

would have been formed earlier by the rapid eastward migration of the Tonga subduction zone 257 

that initiated at ~50 Ma. Consequently, the lithosphere of the remnant slab would have been 258 

about ~35 Ma old (see supplementary material for details). Thermal modeling shows that the 259 

coldest core of such remnant slab would be ~1000 °C, similar to the warm South America slab 260 

and the warmer rim of the Tonga slab where the Fiji Mw 8.2 stage 2 rupture occurred (Fig. 8B-261 

8D, Fig. S15). Therefore, we propose that the Mw 7.9 earthquake occurred in the relic Fiji slab. 262 

The agreements in temperature consistently explain the low background seismicity, compact 263 

subevent locations, and low aftershock productivity of the 1994 Bolivia Mw 8.2, 2018 Fiji Mw 264 

7.9, and the stage 2 rupture of the 2018 Fiji Mw 8.2 events.  265 

4. Discussion 266 

Recently Fan et al. (2019) applied teleseismic back projection to the Fiji Mw 8.2 event and 267 

estimated that the rupture extended ~100 km to the north from the hypocenter, accompanied with 268 

changing focal mechanisms and rupture directions. Our source models of the Mw 8.2 event (Fig. 269 

5) confirm the two-stage rupture with different directivity and the first stage on a vertical fault 270 
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plane producing most of the aftershocks, consistent with Fan et al. (2019) ’s result.  However, the 271 

last subevent in our model is located ~50 km to the north of the hypocenter, indicating 272 

substantially more compact rupture dimension (50-60 km; Fig. 5) than the estimate of 110-150 273 

km in Fan et al. (2019). This difference results in non-trivial difference in average stress drop 274 

and the temperature range of slab over which the Mw 8.2 event ruptured (Fig. S16). The sum of 275 

the six subevent moment tensors has a moment of 2.57 10  𝑑𝑦𝑛𝑒 𝑐𝑚, close to the Global 276 

CMT moment (2.52 10  𝑑𝑦𝑛𝑒 𝑐𝑚), suggesting that we are not missing any major subevent 277 

in our model. The difference in rupture dimension between our study and Fan et al. (2019) may 278 

be due to frequency dependent seismic radiation, as commonly observed for shallow megathrust 279 

earthquakes (Koper et al., 2011; Yao et al., 2013). Back projection method tracks the radiators of 280 

high-frequency energy, while the subevent inversion images the spatial distribution of seismic 281 

moment or slip. Therefore, a subevent with strong high-frequency radiation but low moment may 282 

be missed in our models. While such a subevent may significantly change the estimation of total 283 

rupture dimension and apparent rupture speed, it is unclear whether it should be included in 284 

stress drop or radiation efficiency calculations. 285 

Earthquakes are often assumed to rupture on a single fault, although in recent years more near 286 

field data and high-resolution aftershock patterns have revealed complicated faulting geometry 287 

for several large shallow earthquakes (e.g., 2012 Sumatra, 2016 Kaikoura) (Yue et al., 2012; 288 

Hamling et al., 2017). Resolving fault plane(s) for deep earthquakes with only far-field seismic 289 

data is challenging. In this paper, we take the discrepancy between subevent focal mechanisms 290 

and locations (Fig. 3, Fig. 5) in our subevent models of the Fiji Mw 8.2 earthquake as evidences 291 

for rupture over multiple faults during stage 2, though it is unclear how the rupture 292 

propagates/jumps though these faults. Another example of multiple-fault rupture of deep 293 
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earthquakes was suggested by Chen et al. (2014), where they found the subevents of the 2013 294 

Okhotsk Mw 8.3 earthquake cannot be fit onto a planar fault. This kind of rupture complexity 295 

challenges the conventional interpretation of deep earthquake properties. For example, an 296 

average rupture velocity estimated from either subevent modeling, teleseismic back-projection, 297 

or finite-fault inversion assuming a simplified fault geometry may not reflect the true source 298 

dynamics. The rupture velocity is defined by propagation of the rupture front, but one might 299 

approximate it by the subevent centroid migration speed instead. The centroidal rupture speeds 300 

Vcr of the Mw 8.2 event, considering the subevent depth variations, are about 4.5 km/s (Fig. S17) 301 

for both stages. However, we believe only the stage 1 Vcr is related to a continuous rupture on a 302 

vertical fault plane, and the relatively high speed is consistent with the interpretation that the Mw 303 

8.2 event initiated in the cold slab core. On the other hand, because our far-field seismic data 304 

cannot resolve the rupture speeds of individual subevents, the stage 2 Vcr may represent 305 

static/dynamic triggering among subevents on different faults (Tibi et al., 2003b; Wei et al., 2013; 306 

Chen et al., 2014; Zhan and Shearer, 2014; Cai and Wiens, 2016). This dilemma also applies to 307 

the Mw 7.9 event, for which Vcr is ~3.1 km/s for the major subevents (Fig. S18) but we cannot 308 

define a clear fault plane. Therefore, the subevent rupture speeds of the doublet, which are more 309 

important than Vcr for the estimation of stress drops and radiation efficiency, are not well 310 

constrained and need further investigations. 311 

5. Conclusions 312 

In summary, the 2018 Fiji doublet reflects the complex interaction of slabs near the bottom of the 313 

mantle transition zone. The relic Fiji slab sank through the mantle wedge, with one end leaning 314 

onto the underlying Tonga slab and deforming the cold/brittle Tonga slab core, producing 315 

excessive amount of deep seismicity and a local rotation of stress. Meanwhile, the warm relic 316 
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Fiji slab is under sub-horizontal compression, but has difficulty nucleating and releasing the 317 

stress seismically due to the lack of a brittle cold core. Most previous deep earthquakes in the 318 

Tonga slab are confined to the brittle core, or only rupture partially outside in some of the larger 319 

events (e.g., 1994 Fiji Mw 7.6). The 2018 Mw 8.2 event triggered large and complex ruptures in 320 

the warmer portion of slab and generated strong static/dynamic stress perturbations in the 321 

surrounding area, including the relic Fiji slab. Three weeks later, one of the triggered events in 322 

the relic slab succeeded in cascading into a Mw 7.9 event and released the high stress 323 

accumulated over time. Although the Fiji doublet occurred in the world’s coldest subduction 324 

zone, neither was confined to the cold core of the Tonga slab. Therefore, their unexpected 325 

behaviors in terms of rupture dimension, radiation efficiency, and aftershocks support, not 326 

contradict, the traditional view that temperature is the main control on deep earthquakes. This 327 

emphasizes the importance of detailed mapping of deep earthquake ruptures along with the 328 

thermal structure implied by the tectonic evolution of the margin. 329 
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Tables 437 

 Body wave 
magnitude (mB)

Radiated 
energy (Erg) 

Scaled radiated 
energy (10-5) 

1994 Fiji Mw 7.5 7.17 (7.16) 1.03×1023 3.35 (3.14) 

1994 Bolivia Mw 8.2 7.65 (7.65) 1.42×1024 5.41 (5.53) 

2013 Okhotsk Mw 8.3 7.68 (7.69) 1.72×1024 4.34 (4.47) 

2015 Bonin Mw 7.9 7.35 (7.37) 2.72×1023 3.56 (4.09) 

2018 Fiji Mw 8.2 7.63 1.29×1024 4.89 

2018 Fiji Mw 7.9 7.32 2.31×1023 2.68 

 438 

Table 1. Comparison of body-wave magnitude (mB), radiated energy, and scaled energy 439 

of the six large deep earthquakes discussed in this study. Numbers in red are from 440 

Kanamori and Ross (2018) as comparisons. 441 

  442 
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Figures 443 

 444 

Fig. 1. Tectonic setting and seismicity. (A) The 2018 Fiji deep earthquake doublet (Mw 8.2 and 445 

Mw 7.9) occurred in the northern end of Fiji-Tonga subduction zone where the Pacific plate 446 

subducts under the Australian plate, as illustrated by the background seismicity (dots) based on 447 

the ISC catalog and the slab depth contours from the Slab 2.0 model (Hayes et al., 2018). The 448 

stars show the mainshock epicenter locations, and the mainshock moment tensors from Global 449 

CMT catalog are displayed in the inset. (B) Seismic activity around the Mw 8.2 and Mw 7.9 450 

events in the black squares in (A) based on the ISC catalog. Body wave magnitudes are plotted 451 

except for the mainshocks. Solid black lines denote the cumulative number of aftershock in the 452 

mainshock regions (boxes in A). The Mw 8.2 event triggered hundreds of aftershocks near its 453 
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rupture area and also elevated activity in the source region of the later Mw 7.9 event, during the 454 

three weeks in between. The Mw 7.9 event produced another tens of aftershocks around its 455 

rupture area. 456 

  457 
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 458 

Fig. 2. First-motion focal mechanisms for (A) the Mw 8.2 and (B) the Mw 7.9 events. Blue 459 

circles and crosses respectively indicate the positive and negative polarities from teleseismic 460 

seismograms. Orange circles and crosses respectively indicate the positive and negative 461 

polarities from regional seismograms. Dashed fault planes denote the best-fitting double-couple 462 

focal mechanisms based on the GCMT solutions. The solid fault planes are the first-motion 463 

solutions (strike, dip), (172, 20) and (56, 80) for the Mw 8.2 event, and (38, 85) and (128, 464 

80) for the Mw 7.9 event. Red lines indicate first subevent focal mechanisms from the subevent 465 

rupture models inverted from seismic waveforms (Fig. 3). 466 

 467 
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 468 

Fig. 3. Rupture processes of the 2018 Fiji doublet. (A) Subevent models for the Mw 7.9 (left 469 

half) and the Mw 8.2 events (right half). The black dots are centroid locations of the subevents, 470 

whose moment rate functions (MRFs) are shown in the inset with the same colors as their 471 

moment tensor beach balls. Density contours of relocated aftershocks are plotted over the 472 

contours of background seismicity based on the USGS NEIC catalog. They are displayed with 473 

different color scales and truncations (“C” on the colorbars if not 0). The Mw 8.2 event initiated 474 

near the slab center (blue dashed curve as inferred from the maximum background seismicity), 475 

but ruptured mostly 30 km to the NE by subevent E2, and E4-E6. Grey beachballs are subevent 476 

model of the 1994 Fiji Mw 7.6 earthquake. (B) Representative displacement waveform fits for the 477 

subevent model of the Mw 8.2 event at different azimuths, with data in black and synthetics in red. 478 
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Early and late parts of the waveforms have opposite polarities at KIP and CASY, suggesting 479 

different focal mechanisms along the rupture. 480 

  481 
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 482 

Fig. 4. Relation of the Mw 8.2 subevents with aftershocks and background seismicity. (A) 483 

Cross section along BB’ in Fig. 3A showing the aftershocks of Mw 8.2 event extend nearly 484 

vertically, favoring the NE-strike fault plane for stage 1. Density contours of aftershocks are 485 

displayed with same color scale as in Fig. 3A. (B) Cross section along CC’ in Fig. 3A showing 486 

the Mw 8.2 subevents spread by 30 km vertically and mostly away from the cold core as inferred 487 

from the background seismicity density.  488 

  489 
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 490 

Fig. 5. Subevent models of different complexity for the Mw 8.2 event. The Haskell model, 491 

three-subevent model, and six-subevent model are indicated by the rectangle, beachballs and 492 

circles, respectively. Centroid depths of subevents for the three-subevent model are displayed. 493 

These models of different levels of complexity reveal consistent overall dimension and 494 

directivity of the earthquake. The three-subevent model captures the changes in focal 495 

mechanisms along rupture, but not the NE strike within the first stage. Therefore, we conclude 496 
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that our preferred six-subevent model does not cause artifacts due to over parameterization but 497 

still capture important features of the earthquake rupture processes. Details of the Haskell model 498 

and the 3-subevent model can be found in Fig. S6-S7. 499 

  500 
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 501 

Fig. 6. Comparison of aftershock productivities of five large deep earthquakes. Aftershock 502 

seismicity rates as function of time for the 2018 Fiji doublet, the 1994 Bolivia and Fiji events, 503 

and the 2013 Okhotsk event based on the ISC and refined regional catalogs. The differences due 504 

to mainshock magnitude and catalog completeness have been corrected (see supplementary 505 

material for details). The aftershock catalog for the 1994 Mw 7.6 Fiji earthquake is from Wiens 506 

and McGuire (2000), and the 1994 Mw 8.2 Bolivian aftershocks are from Myers et al. (1995). 507 

The parameter k represents the aftershock productivity in the Omori law 𝑛 𝑡 𝑘/𝑡 . 508 

  509 
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 510 

Fig. 7. Comparison of rupture dimensions of five large deep earthquakes. Subevent models 511 

of the five deep events in Fig. 5 plotted at the same length scale. Color of the circles indicates 512 

subevent centroid times and size represents subevent moment. Gray dots are the aftershocks in 513 

one month following the mainshocks. Subevents of the Okhotsk earthquake are plotted on top of 514 

a finite fault slip model (Wei et al., 2013).  515 

  516 
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 517 

Fig. 8. Thermal modeling of the Fiji doublet. (A) Tomographic models along cross section AA’ 518 

in Fig. 1A, showing the Fiji doublet with respect to the Tonga slab and the inferred remnant slab.  519 

The solid black lines are the 1% P wave velocity anomaly contours from the GAP model (Fukao 520 

and Obayashi, 2013). The background colors show the regional tomography model by Conder 521 

and Wiens (2006). The gray dots are the background seismicity. (B) Slab temperature profiles 522 

through three large deep earthquakes, whose approximate rupture extents are marked by thick 523 
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line segments. Temperature uncertainty of the remnant slab is indicated by the shadow in light 524 

yellow. (C) Simulated thermal structure for the Tonga slab and the remnant slab. The dashed 525 

lines show the profiles in (B). (D) Same as (C) but for the South America slab. 526 


