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Key Points 14 

1. We identify optimal distance range for PKIKP phase in back-projection and get high-15 

resolution images for earthquake sources. 16 

2. PKIKP back-projection’s resolutions and uncertainties are systematically evaluated, and are 17 

further validated by synthetic tests. 18 

3. PKIKP back-projection is useful for imaging the source process of southern hemisphere 19 

earthquakes. 20 

 21 

Abstract 22 

Standard Back-Projections (BPs) use P phase recordings at large aperture arrays within 23 

teleseismic distances (30°-90°) to image earthquake sources. However, the majority of sizable 24 

arrays are in the northern hemisphere, leaving many southern hemisphere earthquakes beyond 25 

the teleseismic range. This paper studies the effectiveness of the PKIKP phase traveling through 26 

the Earth's core in the BP method. We identify the optimal distance range for the PKIKP BP as 27 

150°-180°. We evaluate its resolution using array response functions and theoretical 28 

seismograms and test uncertainties by adding noise to coherent waveforms. Tests show that, 29 

within the optimal distance range, PKIKP BP achieves resolutions and uncertainties comparable 30 
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to P phase BP. We validate the method using synthetic models of point sources and unilateral 31 

ruptures and demonstrate accurate recovery of rupture location, length, and speed. Applying 32 

PKIKP BP to the 2010 Mw8.8 Chile, 2021 Mw7.2 Haiti, and 2021 Mw7.4 and Mw8.1 Kermadec 33 

earthquakes, we compare our results with published BPs and/or slip models, confirming the 34 

feasibility and reliability of the method. We also find that waveform and wavefront distortions of 35 

the PKIKP phase within an array are minor and comparable to those of the P phase, further 36 

supporting the robustness of the method. These results suggest that PKIKP BP can serve as a 37 

powerful tool for source imaging and hazard assessment in regions such as the southwest Pacific, 38 

the western coast of South America, the South Sandwich Islands, and the southern Indian Ocean, 39 

where P-phase BP is limited or unavailable.  40 

 41 

Plain Language Summary 42 

Back-projection (BP) is an earthquake source imaging method that uses P-phase recordings at 43 

teleseismic distances (30°–90°) to track rupture propagation. This study advances the BP 44 

technique by incorporating the PKIKP phase—waves that travel through the Earth’s core—to 45 

extend its capability for global earthquake imaging. The method is validated through resolution 46 

tests, uncertainty analyses, and synthetic simulations, showcasing its theoretical applicability. 47 

Application of the PKIKP BP method to well-studied earthquakes yields results that align with 48 

published studies, validating its reliability in depicting rupture processes. This advancement 49 

provides a promising avenue for investigating large earthquakes in the Southern Hemisphere, 50 

especially in regions such as the southwest Pacific, the western coast of South America, the 51 

South Sandwich Islands, and the southern Indian Ocean, where conventional BP using direct P 52 

waves is limited or unavailable. By providing better imaging in these under-monitored areas, the 53 

method will help improve our understanding of how major earthquakes rupture and the hazards 54 

they pose worldwide. 55 

 56 
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 63 

1. Introduction 64 

Characterizing the kinematic history of large earthquake ruptures is a crucial aspect of 65 

seismological studies. Following a significant event, seismologists strive to promptly estimate 66 

rupture parameters, including slip distribution, rupture speed, and stress drop, in order to better 67 

assess potential hazards. Back-Projection (BP), a popular source-imaging technique, utilizes 68 

coherent seismic wavefields recorded by dense networks to track the growth of earthquake 69 

ruptures (Ishii et al., 2005; Kiser & Ishii, 2017). To obtain high-quality and high-resolution BP 70 

images of earthquake sources, large-aperture arrays with dense seismic stations at teleseismic 71 

distances (30°-90°) are required (Kiser & Ishii, 2017). These arrays have been installed on major 72 

continents such as North America, Europe, Australia, and Alaska, and have successfully been 73 

applied to image large earthquakes worldwide (e.g., Bao et al., 2019; Kehoe et al., 2019; Calais 74 

et al., 2022; Bao et al., 2022). 75 

 76 

In standard BP techniques, the direct P phase recorded at teleseismic distances (30°< Δ < 90°) is 77 

commonly employed due to its high coherence and minimal interference from other phases. 78 

However, for earthquakes occurring in certain regions of the southern hemisphere (e.g., New 79 

Zealand, Indian Ocean, Sandwich Islands), the availability of direct P phase is limited. This is 80 

primarily due to the fact that most large-aperture arrays on the northern continents are situated at 81 

distances exceeding 90°. In the case of southern hemisphere arrays, parts of the Australian array 82 

may fall within a range closer than the desired 30°. Seismic data in Africa and Southeast Asian 83 

islands arrays are not continuously available, further exacerbating the scarcity of useful stations 84 

for earthquake imaging. Moreover, the linear arrangement of stations along the west coast of 85 

South America presents challenges in achieving sufficient distance or azimuth coverage for BPs. 86 

While previous studies have utilized alternative seismic phases either to improve lateral- and 87 

depth-resolution (pP, Chen et al., 2018; PKP and PKIKP, Kiser & Ishii, 2012) or to provide 88 

comparisons for P phase BPs (e.g., PKIKP, PKP, PP; Koper et al., 2012), these phases have not 89 

been systematically evaluated in terms of their resolutions, uncertainties, and viable distance 90 

ranges.  91 

 92 
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In this study, we apply MUltiple SIgnal Classification (MUSIC) BP (Meng et al., 2011) to 93 

PKIKP waves, which travel through Earth’s inner and outer cores, to track rupture propagation 94 

during large earthquakes. To solidly establish our method, we first analyze the resolution and 95 

uncertainty of PKIKP BP by calculating array response functions, back-projecting theoretical 96 

seismograms, and conducting noise bootstrap tests. To evaluate potential contamination from the 97 

trailing PKPab and PKPbc phases, we apply PKIKP BP to two magnitude 5–6 earthquakes and 98 

confirm the absence of artificial sources in the resulting BP images. Additionally, we perform BP 99 

using theoretical synthetic seismograms that include both PKIKP and PKP phases, demonstrating 100 

that the influence of PKP phases on PKIKP BP imaging is minimal. We further validate our 101 

approach by constructing seismograms using realistic empirical Green’s functions, where the BP 102 

results accurately recover the spatiotemporal characteristics of the input rupture models. To 103 

assess the applicability of PKIKP BP to natural earthquakes, we examine the waveform 104 

coherence of the PKIKP phase across large-aperture arrays and apply our method to the 2010 105 

Mw 8.8 Chile earthquake, the 2021 Mw 7.2 Haiti earthquake, and the 2021 Mw 7.4 and Mw 8.1 106 

Kermadec earthquake doublet. The resulting BP images are consistent with published BP and/or 107 

finite-fault models. Finally, we assess the waveform and wavefront distortion of PKIKP phase, 108 

and discuss the advantages, limitations, and potential improvements of the method. Our findings 109 

demonstrate that in seismically active regions of the southern hemisphere, PKIKP BP can 110 

independently image earthquake sources, reliably resolve rupture characteristics, or serve as a 111 

reference for teleseismic BP results. The application of PKIKP BP thus broadens the range of 112 

usable arrays for earthquake source studies, offering valuable insights and enhancing our 113 

understanding on rupture processes of large seismic events.  114 

 115 

2. Method and Data Processing 116 

2.1 PKIKP BP 117 

BP is a technique used to track the process of earthquake ruptures by capturing the spatial-118 

temporal evolution of high-frequency (HF) radiators during mainshocks. These HF radiators are 119 

considered indicative of the rupture front (Yin & Denolle, 2019) and provide information about 120 

rupture kinematic characteristics such as directivity, source dimension, and rupture speed. The 121 

conventional BP analysis primarily relies on P phases recorded at teleseismic distances. In our 122 

PKIKP BP, we employ the same algorithm as the standard MUSIC BP (Meng et al., 2011) but 123 
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utilize PKIKP phase recordings obtained at near-antipodal distances (150°–180°) from the 124 

Incorporated Research Institutions for Seismology (IRIS), Observatories & Research Facilities 125 

for European Seismology (ORFEUS), and China National Seismic Network. We download the 126 

vertical component of broadband seismograms (BHZ), which are then normalized by the initial 127 

PKIKP arrivals. To ensure accurate alignment, all waveforms are first automatically aligned 128 

based on the travel times predicted by a 1-D reference Earth model. Any remaining time errors 129 

between the predicted and actual arrivals are calculated and corrected by cross-correlating the 130 

first PKIKP phase arrival (Ishii et al., 2005). This time correction process involves four manual 131 

alignments. In each alignment, a reference station is chosen, and cross-correlation coefficients 132 

(CCs) of the filtered waveforms within a specific time window centered at phase arrivals 133 

between the reference station and all other stations are computed. Waveforms could be shifted 134 

slightly to achieve the highest CCs, and stations with CCs below a specified threshold are 135 

removed. The parameters for the first three alignments are as follows: [0.1-0.25 Hz frequency 136 

band, 20 s time window, 0.6 threshold], [0.25-0.5 Hz frequency band, 10 s time window, 0.6 137 

threshold], and [0.5-1 Hz frequency band, 8 s time window, 0.6 threshold]. The final alignment 138 

also uses [0.5-1 Hz frequency band, 8 s time window, 0.6 threshold], but the reference waveform 139 

is the average waveform of all stations retained after the third alignment.  140 

 141 

In BPs, the PKIKP waves are filtered to 0.25-1 or 0.5-1 Hz which ensures high resolution and 142 

keeps enough signal-to-noise-ratio (SNR). The subsequent rupture front is then imaged using the 143 

differential travel time relative to the mainshock hypocenter. It is important to note that as the 144 

rupture expands, the apparent rupture time may deviate from the actual rupture time: if the 145 

rupture moves towards the array, the actual rupture time should be later than the apparent one, 146 

whereas if the rupture moves away from the array, the actual rupture time is earlier than the 147 

apparent one (Figure S1 in Supporting Information S1). To correct for this effect, we deduct the 148 

mean travel time difference between the moving source and the hypocenter from the rupture time 149 

(Yao et al., 2011; Du, 2021). Finally, the MUSIC BP algorithm is applied to the aligned and 150 

corrected waveforms in 10-s-long sliding windows with an increment of 1 s to identify the HF 151 

radiators (for more details about the MUSIC BP, refer to Meng et al., 2011). 152 

 153 
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2.2 Resolution Analysis by Array Response Functions and Theoretical 154 

Seismograms 155 

The array response function (ARF, Rost & Thomas, 2002) characterizes the imaging result of BP 156 

for a pulse-like point source located at the hypocenter. It provides information about the spread 157 

or leakage of beam power in the spatial domain: 158 

 159 

                                         (1) 160 

where n is the station index, rn is the location vector of the nth station, k is the wave number 161 

vector of any grid in the source region and k0 is the wave number vector of the hypocenter, N is 162 

the total number of stations. 163 

 164 

In some numerical calculations, the vector product of the wave number k and the location vector 165 

rn can be expressed in terms of travel time as (k - k0)⋅ rn = f (T - T0)n = f (Tn - T0,n), where f is the 166 

frequency, T0,n is the travel time from the hypocenter to the n-th station, and Tn is the travel time 167 

from a given grid point in the source region to the n-th station. The equation (1) then becomes: 168 

                                                                                    169 

                                            (2) 170 

 171 

ARFs typically exhibit elliptical or circular shapes, which depend on the array's size and shape 172 

(Figures S2-S3 in Supporting Information S1). According to the Rayleigh criteria (Born & Wolf, 173 

1999), the full width at half maximum (FWHM, the distance between the points on the curve at 174 

which the function reaches half of its maximum value) of the ARF represents the minimum 175 

distance required to distinguish between two closely spaced sources. Therefore, a smaller 176 

FWHM indicates a better resolution. To quantitatively assess the resolution of PKIKP BP, we 177 

calculate the ARFs for the P and PKIKP phases. We measure the FWHMs in two directions: the 178 

radial direction, which is parallel to the great circle path connecting the epicenter and the array 179 

center, and the tangential direction, which is perpendicular to the radial direction. For simplicity, 180 

we first consider a 1D linear array to establish the relationship between resolution and the ray 181 

parameter. In Supplementary Text S1, we conduct analytical analysis and discover that the 182 

resolution of the 1D array is positively correlated with the spatial derivative of the ray 183 

parameters (|Δp/Δd|; Text S1 in Supporting Information S1, Figures 1b-c and S4 in Supporting 184 
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Information S1). Subsequently, we numerically compute the FWHM of the ARF for the 1D array 185 

configuration. The linear array consists of 91 stations with a spacing of 22 km (Figure 1a). It 186 

extends in an east-west direction, with the earthquake source located to the east of the array 187 

(Figure 1). We calculate the ARFs for the P phase within the 30°-90° range, and PKIKP phase 188 

within the 135°-180° range. Since the 1D array configuration lacks resolution in the tangential 189 

direction (Kiser & Ishii, 2012), we solely measure the radial resolution. The numerical results 190 

(Figure 1b) are consistent with the analytical analysis. In the case of the 1D array, the P phase BP 191 

achieves its best resolution at 90°, whereas the PKIKP phase BP yields optimal resolutions at 192 

180°.  193 

 194 

To better assess the resolution of PKIKP BP under a 2D array configuration, we compute 195 

theoretical seismograms for the PKIKP and P phases generated by a point source using the 196 

Direct Solution Method (DSM) software (Kawai et al., 2006; Takeuchi et al., 1996) (Figures 2a 197 

and 2c). A circular array with a diameter of 20° (approximately 2200 km; Figure 1d) is 198 

configured to resemble the aperture of a typical large array (e.g., the Australian array). We then 199 

perform BP of both P and PKIKP phases using these synthetic seismograms filtered to 0.25-1 200 

Hz. The resulting BP image is treated as a resolution kernel (Figures 2b and 2d), from which we 201 

measure the FWHM. As in the 1D analysis described above, a smaller FWHM indicates higher 202 

resolution. The FWHMs in the radial and tangential directions are shown in Figure 1e. For the 203 

PKIKP phase, the median FWHMs within the 150°–180° epicentral distance range are 204 

approximately 31 km in the radial direction and 25 km in the tangential direction. For 205 

comparison, the P phase BP within the 30°–90° distance range yields median FWHMs of about 206 

22 km (radial) and 8 km (tangential). While the resolution of PKIKP BP is somewhat lower than 207 

that of P phase BP, it remains comparable, supporting the suitability of PKIKP BP for 208 

earthquake source imaging. 209 

 210 
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 211 

Figure 1. The resolution analysis and uncertainty test results. (a) The linear 1-D array 212 

configuration and source distribution. Green triangles denote the stations. Red circles denote P 213 

and PKIKP sources tested in ARF analysis. (b) The full width at half maximum (FWHM) of the 214 

1-D arrays’ ARFs for P and PKIKP BPs at different distance ranges. (c) The spatial derivative of 215 

ray parameter v.s. distance. p: ray parameter; d: epicenter distance. (d) The circular 2-D array 216 

configuration and source distribution. (e) The FWHM of the 2-D arrays’ resolution kernel for P 217 
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and PKIKP BPs at different distance ranges. The solid lines denote the FWHM in radial distance. 218 

The dash lines denote the FWHM in tangential direction. The red dotted lines encompass the 219 

useful range of PKIKP phase BP. (f) The major (solid lines) and minor (dash lines) axis lengths 220 

of the 95% confidence bound of the perturbed BP locations. 221 

 222 

 223 

Figure 2. Examples of theoretical waveforms and resolution kernels. (a) PKIKP phase 224 

waveforms at an epicentral distance of 165°. The red line indicates the predicted arrival of the 225 

PKIKP phase. (b) Resolution kernel for PKIKP BP. The white star marks the epicenter. (c) P 226 

phase waveforms at an epicentral distance of 40°. (d) Resolution kernel for P phase BP. 227 

 228 

2.3 Robustness Analysis by Theoretical Seismograms 229 

To assess the uncertainties of PKIKP BP resulting from noise, we conduct bootstrap tests. We 230 

adopt the same 2D array configuration as in Section 2.2 and use the corresponding theoretical 231 

seismograms, extracting 10-second waveforms centered on the first arrivals of each phase to 232 
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serve as coherence signals. In order to simulate the effects of ambient noise, we introduce white 233 

noise to the coherence signals. We shift the waveforms based on the travel time predicted by the 234 

1D Earth model. The amplitudes of the coherent signals and the noise are normalized to achieve 235 

a signal-to-noise ratio (SNR, std[signal]/std[noise]) of 5 in the frequency range of 0.25 to 1 Hz. 236 

One hundred synthetic realizations of coherence seismograms plus white noise are then back-237 

projected to obtain the perturbed BP locations. The 95% confidence bounds of the perturbed BP 238 

locations generally exhibit elliptical shapes, and we measure the lengths of the major and minor 239 

axes of these ellipses (Figures 1f, S5-S6 in Supporting Information S1). For P phase BP, the 240 

median lengths of the major and minor axes are approximately 3.8 km and 2.2 km, respectively. 241 

For PKIKP BP at hypocenter distances of 150°-180°, the median lengths of the major and minor 242 

axes are around 4.9 km and 4.4 km, respectively. We repeat the procedure for different noise 243 

levels (SNR = 3, 4, 6) observed in different magnitude earthquakes, and all the results are 244 

presented in Figure S7 in Supporting Information S1. The small locating errors caused by noise 245 

indicate that at near antipodal distances (>150°), the noise-induced uncertainties of PKIKP BP 246 

are sufficiently small. 247 

 248 

2.4 Potential Influence From Other Core Phases 249 

2.4.1 ARF of Propagating Ruptures Involving Multiple Core Phases 250 

Core phases travel through multiple layers inside the Earth, following complex paths that result 251 

in multiple phase arrivals (Tkalčić et al., 2002, Garcia et al., 2004). At distances ≥150°, PKIKP 252 

is the first arrival, followed by PKPab and PKPbc phases. At 150°, the separation time between 253 

PKIKP and PKPab is approximately 14 seconds (Garcia et al., 2004), and this separation 254 

increases with greater epicentral distances. For a shallow earthquake (10 km depth), the 255 

separation times are roughly 40 s at 160°, 75 s at 170°, and 95 s at 175° (Kennett, 1991). We 256 

therefore compute the ARF for a dynamic rupture scenario to evaluate the impact of the PKPab 257 

and PKPbc phases on PKIKP BPs (Text S2 in Supporting Information S1). In this scenario, the 258 

rupture initiates at the epicenter (denoted by the red star in Figure S8 of Supporting Information 259 

S1), spans 200 km, propagates northward at a speed of 2 km/s, and lasts for 100 seconds. In the 260 

calculation, the PKIKP phase is treated as the signal, while the subsequent PKPab and PKPbc 261 

phases are considered as potential disturbance. Specifically, the travel time used to compute the 262 

ARF corresponds to the PKIKP phase, while the waveforms are a mixture of PKIKP, PKPab, 263 
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and PKPbc phases (Equation 12 in Supporting Information S1). Our results demonstrate that, 264 

throughout the rupture process, only the BP power corresponding to the PKIKP phase is 265 

observed. Although the PKP phases begin to arrive after 6 seconds, it only introduces minor 266 

aliasing in the BP power and does not generate artificial sources or substantially affect the 267 

PKIKP source locations (Movies S1 and S2). 268 

 269 

2.4.2 PKIKP BP on M5-6 events 270 

We then apply our method to two events with magnitudes of 5.8 and 5.3 (EGFs 1-2 in Table S1 271 

of Supporting Information S1) to assess the influence of later phases (e.g., PKPab, PKPbc) on 272 

the PKIKP BP of natural earthquakes. These magnitude 5-6 events can be considered as simple 273 

point sources in BP studies. The start time of the BP is set to coincide with the PKIKP arrival 274 

time, and the BP duration is set to 100 s, which is much longer than the typical duration of 275 

magnitude 5-6 events. This extended duration is intended to capture any potential influence from 276 

later phases, should they have any effect. Additionally, we set the spatial range for the BP as 277 

follows: longitude from [hypocenter_lon - 3] to [hypocenter_lon + 3], and latitude from 278 

[hypocenter_lat - 3] to [hypocenter_lat + 3]. This spatial range is significantly larger than the 279 

rupture extent of magnitude 5-6 events and is also intended to detect any possible influence from 280 

later phases. In BP analysis, we typically require the detected energy pulses appearing in both 281 

spatial and temporal domains to be concentrated to interpret BP images as true sources. This 282 

requires not only a high BP power level but also the sources should appear stable (e.g., 283 

duration >3 s, Feng et al., 2020) and well-defined (e.g., the peak stands out due to its intrinsic 284 

height and its location relative to other peaks, Feng et al., 2020) in the BP movies/snapshots. The 285 

core-phase waveforms of EGF1 are plotted in Figure S9, where the move-out of the PKPab 286 

phase is visible following the PKIKP phase. We also plot the BP power evolution over the 100-287 

second window. As shown in Figure S10c in Supporting Information S1, only one BP power 288 

peak appears in the evolution curve, occurring around 10 s. The corresponding HF radiators are 289 

concentrated at their respective epicenters (Figures S10a-b in Supporting Information S1, Movies 290 

S3-S4). After 15 s, the power drops to a very low level, and the radiators become scattered and 291 

unstable (Figures S10a-b in Supporting Information S1, Movies S3-S4). The low power level 292 

and unstable radiators result from the dominance of coda waves in the waveforms, which means 293 

they would not be considered part of the BP results. Here, the BP power pulse length (~15 s) is 294 
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longer than the typical source duration of magnitude 5–6 events (~1 s; Gomberg et al., 2016) 295 

because both the source slip-rate function and the Green’s function have finite durations that 296 

contribute to the overall pulse length. These two cases demonstrate that, for a simple point 297 

source, PKIKP BP can accurately image the source location, and later phases do not result in 298 

apparent multiple events in the BP image. 299 

 300 

2.4.3 BP on Theoretical Seismograms Involving Multiple Core Phases 301 

We further evaluate the potential influence of PKP phases on the BP image of large earthquakes 302 

by performing PKIKP BP on theoretical seismograms. The seismograms are computed using the 303 

DSM software for three scenarios: (1) a point moment tensor source, (2) a westward-propagating 304 

rupture, and (3) a northward-propagating rupture. The point source has the same focal 305 

mechanism as the 2010 Mw 8.8 Chile earthquake but a moment magnitude of 6.1. The receiver 306 

station configuration is the same as that used in Sections 2.2 and 2.3 (Figures 1d & S11c). 307 

Stations are distributed within a 152°–172° epicentral distance range. In the point-source 308 

scenario, all PKIKP, PKPbc, and PKPab phases appear in the seismograms (Figure S11a). For 309 

the west-propagating rupture, we model a 100 km rupture length with a rupture speed of 1 km/s 310 

by stacking seismograms from ten evenly spaced sources along the rupture path, accounting for 311 

epicentral distance changes and time delays. The synthetic seismograms exhibit waveform 312 

complexity due to PKP phases following PKIKP (Figure S11b). However, the synthetic PKIKP 313 

BP successfully recovers the input rupture path, length, and speed (Figure S11c-d), 314 

demonstrating minimal influence from these disturbing phases. Similarly, the BP results for the 315 

northward-propagating rupture scenario also accurately reconstruct the input rupture length, 316 

orientation, and speed (Figure S12), further supporting the robustness of our method. 317 

 318 

3. Validations With Synthetic Tests 319 

3.1 Synthetic BPs on Dynamic Rupture Scenarios 320 

In real earthquakes, waveforms often exhibit complexities such as scattering and coda waves, 321 

making them more intricate than theoretical seismograms. To simulate these realistic features 322 

and evaluate the performance of our method under more practical conditions, we perform PKIKP 323 

BP on synthetic waveforms generated by summing the slip-rate contributions from each subfault 324 

and convolving them with empirical Green’s functions (EGFs). The EGF used for the P-wave 325 
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synthetic test is a magnitude 5.8 event that occurred in central China and was recorded by the 326 

Europe array (EGF 3 in Table S1 in Supporting Information S1). For the PKIKP synthetic BP, 327 

the EGF is a magnitude 6.1 event that occurred north of New Zealand and was recorded by the 328 

Europe array (EGF 4 in Table S1). All waveforms begin at the P/PKIKP arrivals and extend to 329 

120 seconds thereafter. The input source model has a 5-m uniform slip and unilateral rupture on 330 

the vertical fault. The fault surface dimensions are 100-km-long and 10-km-wide, and the 331 

moment magnitude is Mw 7.45 assuming a 30 GPa rigidity. The slip model is discretized into 332 

elements with a size of 10 km × 10 km, and the rupture propagation speed is set at 2 km/s. The 333 

slip-rate function used in the simulations is the Yoffe analytical function (Yoffe, 1951; Tinti et 334 

al, 2005). Two sets of tests are configured: one with the rupture propagation direction 335 

perpendicular to the great circle paths connecting the seismic sources and the center of the array 336 

(orthogonal-path test; Figure 3 and Figures S13-S14 in Supporting Information S1), and the other 337 

one with rupture propagating along the great circle path (along-path test; Figures S15 in 338 

Supporting Information S1). In each set, two phases are tested: direct P phase in the range of 339 

50°-80°, and PKIKP phase in the range of 150°-180°. The epicenters for the synthetic tests are 340 

located at (28.40°N, 104.93°E) for the P phase, and (34.59°S, 178.41°W) for the PKIKP phase. 341 

The synthetic BP time durations are 50 seconds for all tests, based on the rupture length and 342 

speed. 343 

 344 

In Figure 3, the results of the orthogonal-path test are presented. It can be observed that the 345 

spatiotemporal locations of the propagating rupture fronts recovered by the P and PKIKP phase 346 

BPs are generally consistent with the input model. The resolved rupture lengths and speeds are 347 

also very close to the model settings. For the PKIKP phase BP, the imaged HF radiators 348 

occasionally deviate from the input rupture front in the tangential direction (Figure 3d). 349 

However, the along-strike rupture length is well recovered (Figure 3e). The results of along-path 350 

test are presented in Figure S15. Before 40 s, the rupture process is well recovered by PKIKP 351 

BP. After 40 s, the tailing artifacts, which are often observed at the end of the rupture process 352 

and can be attributed to the relatively weak coherent signals and strong coda waves in the late 353 

stages (Bao et al., 2022), contaminate the imaged rupture front, and make the rupture length 354 

underestimated by ~25%. We note that the synthetic BPs’ performance on the along-path test is 355 

worse than that on the orthogonal-path test, which is consistent with resolution and uncertainty 356 
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analysis in Section 2. It suggests that caution should be taken when interpreting similar rupture 357 

scenarios in natural earthquakes. Despite these artifacts, the overall performance of the PKIKP 358 

BP in tracking the rupture evolution remains reliable.  359 

 360 

 361 

Figure 3. Synthetic BP results (orthogonal-path test). (a) Synthetic BP of P phase at 50°-80°. 362 

Solid circles are the input rupture, and semi-transparent diamonds are imaged HF radiators color-363 

coded by rupture time. (b) The along-strike distance of HF radiators imaged by P phase BP. The 364 

magenta dashed line indicates the input rupture speed (2 km/s). (c) The stations used for P phase 365 

BP. Green triangles denote the stations and the red star denotes the epicenter. (d) The same as (a) 366 
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but for the PKIKP phase at 150°-180°. (e) The same as (b) but for the PKIKP phase. (f) The 367 

same as (c) but for the PKIKP phase.  368 

 369 

3.2 BP Uncertainty Due to Incoherent Noise 370 

The synthetic waveforms built based on EGFs allow us to estimate the uncertainty caused by 371 

realistic noises (e.g. coda waves, local scattering). To achieve this, we employ a bootstrapping 372 

approach. First, the peak in the orthogonal-path test BP images serves as the reference point-373 

source location for each time step. Within each time window, we shift, stack, and average the 374 

array waveforms based on the time shift predicted by this reference location. The resulting mean 375 

seismograms are taken as a representative of the coherent signal. To assess the incoherent noise 376 

at each station, we calculate the waveform residual concerning the mean seismogram. This 377 

residual is treated as incoherent noise. We randomize the Fourier phase spectrum of the 378 

incoherent noise and stack it back to the mean seismogram. This procedure models the random 379 

phases of scattering waves while preserving the amplitude spectrum of the waveform. One 380 

hundred synthetic realizations of the mean seismogram, each combined with incoherent noise, 381 

are subsequently subjected to BP to determine the perturbed BP source locations for each time 382 

step. Figures S16a-S16b in Supporting Information S1 present ellipses delineating the 95% 383 

confidence bounds on the BP radiator locations. The median lengths of the major and minor axes 384 

are 9.6 by 3.5 km and 14.8 by 9.4 km for P and PKIKP BPs, respectively. The analysis indicates 385 

reasonably small uncertainties generated by noise for the PKIKP BP. These synthetic tests 386 

demonstrate the capability of PKIKP BP to accurately track the spatial-temporal evolution of 387 

rupture fronts. 388 

 389 

4. PKIKP BP Applications 390 

To validate the performance of PKIKP BP in imaging natural earthquakes, we apply it to four 391 

earthquakes, and compare the results with published P phase BPs and/or finite fault slip models. 392 

The first event is the 2010 Mw 8.8 Chile earthquake, which occurred on February 27 at Chile’s 393 

Maule region. The second earthquake is the Mw 7.2 one that struck Haiti on August 14, 2021, 394 

with a clear surface rupture trace. The third and fourth events are an earthquake doublet that 395 

occurred in the Kermadec Islands near New Zealand on March 4, 2021, consisting of a Mw 7.4 396 

foreshock followed by a Mw 8.1 mainshock. For the 2010 earthquake, we utilize the PKIKP 397 
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phase recorded at the Asian array (Figures 4a, c and S17-S18). As a point of comparison, we also 398 

apply the P phase BP to recordings obtained at USArray (Figure 4b, d and Text S3 in Supporting 399 

Information S1). For the 2021 Haiti earthquake, we collect PKIKP waves from the Australia and 400 

Southeast Asia array (Figures 5 and S19), and compare the results with P phase BP and surface 401 

fault traces identified from satellite observations (Calais et al., 2022; Yin et al., 2022). For the 402 

2021 Kermadec earthquake doublet, we collect PKIKP recordings from the European array 403 

(Figures 6-7 and S20-S21), and P phase recordings from the Australian and Chinese arrays 404 

(Figures 6-7). We then compare and discuss the resulting BP images from three arrays. 405 

 406 

4.1 The 2010 Mw 8.8 Chile Earthquake 407 

4.1.1 Review of Previous Studies on The Rupture Kinematics 408 

The Mw 8.8 Chile earthquake, one of the most powerful earthquakes in decades, caused 409 

significant damage and had a profound impact on the local population. The earthquake struck the 410 

coast of central Chile, near the Maule region. Many source observation studies have been carried 411 

out to understand the rupture process of this megathrust earthquake, including both BP and finite 412 

fault inversions (Delouis et al., 2010; Huang et al., 2017; Kiser & Ishii, 2011; Koper et al., 2012; 413 

Palo et al., 2014; Pollitz et al., 2011; Zhang, 2018). Overall, the earthquake exhibits an 414 

asymmetrical rupture pattern, with one branch propagating to the north-northeast and the other to 415 

the south-southwest (Lay et al., 2010; Tong et al., 2010; Vigny et al., 2011; Koper et al., 2012; 416 

Moreno et al., 2012; Lin et al., 2013). The rupture extends approximately 450 km along strike. 417 

The joint finite fault inversion conducted by Yue et al. (2014), which integrates teleseismic, local 418 

GPS, Interferometric Synthetic Aperture Radar (InSAR), and tsunami datasets, reveals that the 419 

northern branch extends ~240 km and the southern branch ~200 km. The peak slip (~16 m) 420 

occurs 120-200 km north of the hypocenter at a depth of 16 km (Figure 4a). To the south, the 421 

maximum slip reaches 12 m near the trench. This asymmetric slip distribution is consistent with 422 

results from Koper et al. (2012) and Pollitz et al. (2011), both of which show smaller coseismic 423 

slip south of the epicenter compared to the north. 424 

 425 

Previous BP studies show that HF radiators propagated northward over distances ranging from 426 

~300 km (Zhang, 2018; Huang et al., 2017) to ~500 km (Palo et al., 2014), with rupture speeds 427 

of 2.5–3.0 km/s (Koper et al., 2012). These results primarily rely on data from the USArray, 428 
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whose azimuth relative to the epicenter aligns with the strike of the northern branch (Figure 4b), 429 

allowing for a good resolution of the northern rupture. In contrast, the unfavorable azimuthal 430 

positioning of the southern branch, combined with its smaller coseismic slip, reduces the 431 

detectability of the southern rupture propagation in BP analyses. This limitation likely 432 

contributes to discrepancies in previous estimates of the rupture direction, length, and speed 433 

along the southern segment. For example, Zhang (2018) used teleseismic P-phase BP and 434 

estimated a southern rupture length of ~175 km with a rupture speed of 1.84 km/s. While the BP 435 

image from Palo et al. (2014) shows beam power south of the epicenter, it does not clearly 436 

resolve a southern HF radiator. High-frequency (1–5 Hz) BP results from Kiser and Ishii (2011) 437 

identify a southern segment near 37.5°S at ~70 s, with a rupture speed of ~0.8 km/s and a 438 

duration of ~25 s.  439 

 440 

An interesting observation in previous studies is that the short-period radiations differ from the 441 

regions of large coseismic slip: most of the slip inverted by long-period and broadband data 442 

occurs offshore in shallower regions, while the short-period radiators originate from greater 443 

depths within the subduction zone (Lay et al., 2012). This depth-dependent pattern has been 444 

observed on subduction zones worldwide, such as in the 2011 Mw 9.0 Tohoku earthquake in 445 

Japan and the 2004 Mw 9.2 Sumatra earthquake, and may reflect along-depth variations in 446 

source properties such as rigidity or stress drop (Lay et al., 2012; Yao et al., 2011). 447 

 448 

4.1.2 Waveform Coherence of PKIKP Phase 449 

Waveform coherence plays a pivotal role in BP imaging. When dealing with P phase BPs, the 450 

initial arrivals, consisting of the first few wiggles of P-wave trains, exhibit a high degree of 451 

similarity among stations. This waveform similarity decays rapidly over time and over varying 452 

interstation distances due to interference from subsequent coda waves (Zhou et al., 2022). The 453 

coherence of these initial arrivals ensures that the corresponding source location can be 454 

accurately imaged by BP, while the presence of incoherent coda waves prevents earlier sub-455 

sources from masking or interfering with subsequent ruptures (Bao et al., 2022). To assess the 456 

coherence of the PKIKP phase, the first 10 seconds of PKIKP waveforms recorded at the Asian 457 

array are chosen (Figure S22a in Supporting Information S1). Utilizing one station as the 458 

reference, CCs between all waveforms and the reference waveform are presented in Figures S22c 459 
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in Supporting Information S1. For comparison, the same procedure is applied to P phase 460 

waveforms recorded at USArray for the same earthquake (Figures S22b, d in Supporting 461 

Information S1). Within the first 10 seconds of the PKIKP phase, waveforms recorded at most 462 

stations demonstrate high coherence with CCs ≥ 0.8, indicating the feasibility of its BP. As 463 

interstation distance increases, waveform coherence decreases, and this trend aligns with that 464 

observed for the P phase (Figures S22c, d in Supporting Information S1). 465 

 466 

4.1.3 PKIKP BP Image of The 2010 Mw 8.8 Chile Earthquake 467 

Our BP analysis indicates that the 2010 Chile earthquake exhibits bilateral rupture 468 

characteristics, extending in the north-northeast and south-southwest directions (Figure 4a, c). 469 

The south branch is well-resolved in the PKIKP phase BP, measuring about 150 km in length 470 

with a rupture speed of 2.6 km/s, while the north branch is approximately 300 km long with a 471 

rupture speed of 2.5 km/s (Figure 4c). The results from the teleseismic P BP consistently reveal a 472 

rupture process for the north branch, with an estimated length of approximately 300 km and a 473 

speed of around 2.5 km/s (Figures 4b, d). The PKIKP BP shows scattered BP radiators after 105 474 

s, which are tailing artifacts (Bao et al., 2022) caused by weak coherent signals and dominant 475 

noises at the end stage of the rupture. Such tailing artifacts are also observed in teleseismic P BP 476 

of USArray (Figures 4b and 4d) but occur after 110 s. Furthermore, the PKIKP BP successfully 477 

resolves a clear rupture propagating southward between 0-20 seconds and 40-60 seconds, being 478 

consistent with the coseismic slip model (e.g., Yue et al., 2014) and suggesting a potentially 479 

continuous rupture branch to the south of the epicenter. The south branch imaged by PKIKP BP 480 

provides more rupture information than that by the teleseismic P BP (see Figure 4): in the 481 

teleseismic P BP, it appears that the south radiators apparently stagnate at the epicenter before 40 482 

s, and only a few radiators are resolved between 40-60 seconds. This comparison underscores the 483 

advantage of PKIKP BP in imaging bilateral ruptures (for more discussion, refer to Section 484 

4.1.5: BP for The Bilateral Earthquake). It also indicates the necessity of PKIKP BP when only 485 

one array is available for teleseismic BP, as is often the case in earthquakes occurring in regions 486 

like Chile.   487 

 488 

4.1.4 Comparison With Previous Studies 489 
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Regarding the northern branch, our PKIKP BP results align with short-period radiators resolved 490 

by previous research (Figure S23 in Supporting Information S1; Kiser & Ishii, 2011, Palo et al., 491 

2014). Notably, the PKIKP BP reveals additional details about the southern rupture: BP power 492 

from the south is radiated around 0-20 s and 40-60 s, and is located at 0-50 km and 100-150 km 493 

from the epicenter (Figure 4c). These features were not captured in previous BP results (Figure 494 

S23 in Supporting Information S1).  495 

 496 

PKIKP BP was first applied by Koper et al. (2012) to the 2010 Chile earthquake using F-net data 497 

from Japan. Their results supported a bilateral rupture pattern, with a coherent burst of BP 498 

energy approximately 100–200 km northeast of the epicenter. However, due to the relatively 499 

small aperture of the array and the resolution limitations inherent to beamforming-based BP 500 

methods, the spatial location of HF radiators resolved by their PKIKP BP was considerably less 501 

certain than that of the P phase BP (see Figures 2 and 5–6 in Koper et al., 2012). Kiser and Ishii 502 

(2012) also investigated PKIKP BP by computing synthetic BP images for a point source located 503 

at the epicenter of the 2007 Mw 8.4 Mentawai Islands earthquake using the TA network in the 504 

western U.S. However, the array’s epicentral distance (122°–141°) lies within a region where the 505 

spatial derivative of the ray parameter (|Δp/Δd|) is small (Figure 1c), and is outside the effective 506 

range identified in our study (150°–180°). As a result, the resolution kernel was large (see Figure 507 

1e in this study and Figure S1c in Kiser & Ishii, 2012), indicating poor spatial resolution. In the 508 

same study, they also performed synthetic BP using the PKPbc phase from Hi-net in Japan for 509 

the 2007 Mw 8.0 Pisco, Peru earthquake. Similarly, the narrow distance range of the array 510 

(146°–150°) resulted in a large resolution kernel (Figure 9c in Kiser & Ishii, 2012).  511 

 512 

The scarcity of large-aperture, densely distributed seismic networks, the inherent resolution 513 

limitations of beamforming-based BP, and the lack of a clearly identified effective distance range 514 

may explain why PKIKP BP has not been widely adopted over the past decade. With 515 

advancements in instrumentation and direction-of-arrival estimation techniques, such as MUSIC-516 

based BP (Meng et al., 2011; 2012a), PKIKP BP now can offer sharper rupture imaging and 517 

improved resolution. For instance, for events in Chile and Peru, the China National Seismic 518 

Network covers a broader distance range (150°–180°), which significantly enhances radial 519 

resolution. Moreover, our study is the first to systematically evaluate the performance of PKIKP 520 
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BP across the 135°–180° distance range (Figure 1) and to identify an effective region for its 521 

application, providing a valuable reference for future array selection and BP applications. 522 

 523 

4.1.5 BP for The Bilateral Earthquake 524 

An inherent drawback of the teleseismic BP when imaging bilateral ruptures is the array-525 

dependent effect: the BP analysis tends to capture the rupture front propagating toward the 526 

receiver array since the shorter wavelength due to Doppler effects leads to stronger apparent 527 

high-frequency beam power (Li et al., 2022a; Xu et al., 2023). The array-dependent effect is 528 

especially noticeable in cases like the 2010 Chile earthquake, where the USArray is the sole 529 

useful teleseismic array, positioned to the north of the earthquake's hypocenter (e.g., Koper et al., 530 

2012; Palo et al., 2014). Based on the analyses and comparisons presented in the previous 531 

sections, the PKIKP BP outperforms the teleseismic BP in imaging this bilateral event. The 532 

advantage of the PKIKP BP is that the array is positioned at the antipode and has a smaller 533 

incidence angle (less than 5°) compared to the P phase (with incidence angles reaching up to 534 

28°), effectively mitigating spatial bias. The improved performance of the PKIKP BP for this 535 

earthquake can also be partially attributed to the position of the Asia array; its relative azimuth is 536 

orthogonal to the direction of rupture propagation, which reduces array-dependent effects in the 537 

BP results. To further confirm the benefits of using PKIKP BP in resolving bilateral earthquakes, 538 

a synthetic test is conducted. The input rupture model consists of a bilateral rupture extending in 539 

N20°E and S20°W directions, each with a length of 100 km and rupture speeds of 2 km/s 540 

(Figures S24a, d in Supporting Information S1). The epicenter is set to be the same as the 2010 541 

Mw 8.8 Chile earthquake. The vertical fault's lower boundary depth is set at 10 km, and it is 542 

discretized into 10 km by 10 km subfaults with a uniform slip distribution of 5 m. The Yoffe 543 

analytic function with a 5 s rise time is used as the slip-rate function. Synthetic waveforms are 544 

calculated as the sum of slip-rate contributions from each subfault, convolved with EGFs. The 545 

PKIKP phase EGF is recorded at the antipodal Asia array, and P phase EGF is recorded at 546 

USArray to the north of epicenter. The results, as shown in Figures S24b-c in Supporting 547 

Information S1, demonstrate that the PKIKP BP effectively resolves the south rupture after 548 

approximately 22 seconds. The radiators' times and locations align well with the input model. In 549 

contrast, the teleseismic P BP only images some south radiators between 40-50 seconds, with 550 

their locations deviating from the input model (Figure S24e-f in Supporting Information S1). 551 
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This synthetic test illustrates that for some bilateral ruptures, the PKIKP BP could potentially 552 

provide more information about the distal branch than the teleseismic P BP. 553 

 554 

4.1.6 Spatial Bias Test Based on Aftershock Locations 555 

HF radiators of large earthquakes often exhibit systematic location bias as the rupture propagates 556 

farther from the hypocenter (Meng et al., 2016; Zeng et al., 2022). This bias, manifested as 557 

deviations of BP-inferred locations from their true positions, is primarily caused by travel time 558 

errors introduced by heterogeneities in the Earth's three-dimensional structure. We select eight 559 

M6 earthquakes in the Chile earthquake source region to evaluate the spatial bias in PKIKP BP 560 

(Figure S25a in Supporting Information S1). For reference, P phase BP is also applied to these 561 

eight earthquakes (Figure S25b in Supporting Information S1). We adopt the same time 562 

corrections as the mainshock, thus the mismatch between the BP-inferred aftershock locations 563 

and the catalog locations could be used to evaluate the spatial bias of BP in the source region. 564 

The results of PKIKP BP are shown in Figure S25a in Supporting Information S1, and that of P 565 

BP are shown in Figure S25b in Supporting Information S1. We find that to the south of the 566 

hypocenter, the PKIKP BP-inferred locations are systematically biased northward for ~13.0 km, 567 

while at the north, the BP images are biased southeastward for ~12.5 km. The BP-inferred 568 

locations by the P BP are systematically northwestward. The root-mean-square (RMS) of spatial 569 

errors of all eight events in PKIKP BP is 14.7 km (Table S2 in Supporting Information S1), 570 

slightly smaller than that in P BP (21.8 km; Table S3 in Supporting Information S1). 571 

 572 
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 573 

Figure 4. Comparison of BP results of the 2010 Mw8.8 Chile earthquake. (a) PKIKP phase BP 574 

results by the array in Asia. The diamonds are HF radiators color-coded by rupture time with 575 

their sizes proportional to the normalized BP power. The circles are HF radiators with secondary 576 

BP power peaks. The contours denote the slip model from Yue et al. (2014). The lower inset 577 

indicates the epicenter and the stations utilized. (b) P phase BP results by the USArray. (c) The 578 

along-direction distance of HF radiators in (a). Two lines and numbers show the linear regression 579 

of leading radiators (radiators with the largest epicentral distance at a given time) and rupture 580 

speeds. The circles are HF radiators with secondary BP power peaks. The positive direction is 581 



23 

N20°E, and the negative direction is S20°W. (d) The along-direction distance of HF radiators in 582 

(b). 583 

 584 

 585 

4.2 The 2021 Mw 7.2 Haiti Earthquake 586 

We select the 2021 Haiti earthquake as our second benchmark example to evaluate our method. 587 

The Mw 7.2 event struck the Southern Peninsula of Haiti on August 14 2021 (Figure 5a; Maurer 588 

et al., 2022; Okuwaki & Fan, 2022; Yin et al., 2022; Raimbault et al., 2023). Though the area is 589 

mostly rural, the earthquake resulted in ~2,500 dead, 13,000 injured, and at least 140,000 houses 590 

destroyed or damaged (Calais et al., 2022). This earthquake has a source mechanism combining 591 

strike-slip and reverse faulting and exhibits a clear surface rupture trace, as depicted in the 592 

ground deformation map obtained through InSAR imaging (Figure 5; Yin et al., 2022). The finite 593 

fault model constructed from regional seismic data suggests that the rupture propagated 594 

unilaterally westward over a distance of approximately 50–60 km, with an average rupture 595 

velocity of 2.8 km/s (Calais et al., 2022). Two primary slip patches are evident along the fault. 596 

The first is located 0–30 km west of the epicenter, featuring ~1.9 m of slip dominated by reverse 597 

motion between depths of 0 and 12 km. The second patch lies ~40 km west of the epicenter and 598 

is confined to shallow depths (0–4 km), characterized by pure left-lateral strike-slip motion, with 599 

a peak slip of ~2.3 m. The source time function indicates a total rupture duration of 600 

approximately 20 seconds. 601 

 602 

We gather PKIKP phase waveforms recorded by stations in Southeast Asia and Australia 603 

(Figures 5b and S19). The rupture process resolved by the PKIKP phase BP is illustrated in 604 

Figure 5a. The rupture propagated westward for approximately 57 km over a duration of 22 605 

seconds, yielding an average rupture speed of 2.6 km/s (Figure 5b). The HF radiators resolved by 606 

the PKIKP BP are primarily distributed on the up-dip side of the major slip regions and are close 607 

to the fault traces (Figure 5a), further supporting the reliability of the BP results. For comparison, 608 

we also present the P phase BP results obtained by the Alaska array (Calais et al., 2022) in 609 

Figure 5. Remarkably, we observe consistency in the resolved rupture length and time between 610 

the two arrays. The rupture speed measured by the PKIKP BP (2.6 km/s) is consistent with that 611 

measured by the P phase BP (2.9 km/s, Calais et al., 2022). In contrast to the PKIKP BP image, 612 
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the HF radiators resolved by the P BP do not align with the surface traces of the fault but are 613 

instead distributed along the down-dip edge of the major slip patch (Figure 5a). However, 614 

caution should be exercised when interpreting these distribution patterns, as the hosting fault is 615 

steeply north-dipping (60°, Calais et al., 2022; Douilly et al., 2022; Okuwaki & Fan, 2022), the 616 

along-dip dimension of the slip is only ~10 km, and the along-dip uncertainty levels are ~9.6 km 617 

for the P BP and ~9.4 km for the PKIKP BP, based on the test results in Section 3.2. 618 

 619 

 620 

Figure 5. PKIKP phase BP results of the 2021 Mw 7.2 Haiti earthquake. (a) HF radiators 621 

evolution. The symbols are HF radiators color-coded by rupture time with their sizes 622 

proportional to the normalized BP power, with the circles denoting the P phase BP by Alaska 623 

(AK) array and the diamonds denoting the PKIKP phase BP by Australia and Southeast Asia 624 

(AU) array. The blue-to-red color denotes the ground displacement in Line of Sight (LOS) 625 

direction (Yin et al., 2022). Gray dots denote the aftershocks occurring between 14 August and 9 626 

September 2021 (Calais et al., 2022). The magenta line encircles the major coseismic slip patch 627 

(>10% of the maximum slip; Raimbault et al., 2023). (b) The along-strike (N270°E) distance and 628 

time of HF radiators. The upper inset shows the stations used in PKIKP phase BP. The red line 629 
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and number show the linear regression of leading radiators and the rupture speed, based on the 630 

PKIKP BP by AU array. 631 

 632 

4.3 The 2021 Mw 7.4 and Mw 8.1 Kermadec Earthquake Doublet 633 

4.3.1 PKIKP BP Image of The 2021 Mw 7.4 Foreshock 634 

On March 4, 2021, two closely occurring earthquakes took place near the Kermadec Islands. The 635 

first event, referred to as the foreshock, had a magnitude of Mw 7.4 and occurred at 17:41 UTC. 636 

The second event, known as the mainshock, had a magnitude of Mw 8.1 and occurred at 19:28 637 

UTC. Both earthquakes are classified as reverse-slip events and took place in the Tonga-638 

Kermadec subduction zone (Figures 6-7), which extends in a north-northeast direction from the 639 

North Island of New Zealand through Tonga to Samoa. Ye et al. (2025) constructed fault slip 640 

models for the earthquake doublet by integrating seismic, geodetic, and tsunami data. Their 641 

results indicate that the substantial coseismic slip during the Mw 8.1 mainshock occurred along 642 

the mantle–slab interface at depths of 20–55 km, with the major slip patch located to the north 643 

and north-northwest of the hypocenter, reaching a peak slip of 6 m. The Mw 7.4 foreshock 644 

nucleated near the down-dip edge of this region and propagated northeastward, with a peak slip 645 

of 2.5 m. Zeng et al. (2025) performed P-phase BP of the mainshock and found that the high-646 

frequency sources were located at ~20 km depth along the up-dip edge of the major slip patch, 647 

coinciding with the intersection of the slab and forearc Moho, north of the hypocenter. 648 

 649 

In our analysis, we utilize seismograms recorded at three arrays for performing BPs and making 650 

comparisons. Specifically, we use the PKIKP phase recorded at the Europe array, as well as the 651 

P phase recorded at the China array, and the P phase recorded at the Australia and Southeast (SE) 652 

Asia array (Text S3 in Supporting Information S1). To ensure consistency, all seismograms are 653 

filtered within the frequency range of 0.25 to 1 Hz. The hypocenter locations provided by USGS 654 

are adopted for our analysis (the foreshock: 29.68°S, 177.84°W, depth 43 km; the mainshock: 655 

29.723°S, 177.279°W,  depth 28.9 km). Figures 6a-c illustrate the spatio-temporal progression of 656 

HF radiators during the Mw 7.4 foreshock. In the same figures, we have plotted the slip model 657 

inverted by USGS for reference. Based on the evolution of HF radiators, we can divide the 658 

rupture process into two distinct stages. In stage 1, which spans the first 16 seconds, the rupture 659 

initiates with an up-dip propagation. It follows a linear path towards the northeast and terminates 660 
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at the fault patch with the largest slip. This linear segment has a length of approximately 25 km, 661 

and the average propagation speed is estimated to be 1.6 km/s from the BP results of the 662 

Australia array (Figure 6e). It is noteworthy that all three arrays display similar rupture paths 663 

during stage 1. Moving to stage 2, some discrepancies emerge in the BP images obtained from 664 

the three arrays. In the BPs derived from the Europe array and the Australia-Asia array, the 665 

rupture initially appears to propagate back towards the hypocenter, and then it follows a circular 666 

path towards the east. Eventually, the HF rupture reaches a secondary slip area indicated by the 667 

slip model. On the other hand, in the BP images obtained from the China array, the rupture also 668 

follows a circular path during stage 2, but the direction is towards the north and northeast. The 669 

observed inconsistencies in stage 2 could be attributed to the array-dependent rupture pattern, 670 

which is often observed in complex rupture scenarios (e.g., Meng et al., 2011; Zhang et al., 671 

2017). These variations may arise from factors such as directivity effects, interference between 672 

direct and depth phases, and the geometrical properties of isochrones (Bernard & Madariaga, 673 

1984; Spudich & Frazer, 1984). Another possibility is that coda waves start to dominate the 674 

high-frequency signals, and the spatial locations of the HF radiators during stage 2 could be 675 

significantly distorted by the presence of coda waves. 676 

 677 

4.3.2 PKIKP BP Image of The 2021 Mw 8.1 Mainshock 678 

As shown in Figure 7, the HF radiators during the Mw 8.1 mainshock are observed to propagate 679 

towards the major slip patch identified in the USGS slip model. During the initial 30 seconds, the 680 

HF radiators imaged by all three arrays exhibit linear propagation. However, there are slight 681 

differences in their directions. The HF radiators obtained from the Australia array indicate a 682 

north-northwest rupture, while those obtained from the Europe and China arrays indicate a west-683 

northwest direction. This discrepancy in rupture direction could be artifacts caused by the spatial 684 

biases inherent to the respective arrays' relative locations. To illustrate this, we apply the P BP 685 

(Figure S26a, c in Supporting Information S1) and the PKIKP BP (Figure S26b in Supporting 686 

Information S1) to several M5 earthquakes, utilizing the same travel time corrections as those 687 

adopted for the mainshock BP. The results highlight that the Australia array shows the least 688 

spatial error in the imaged rupture process. In contrast, the China and Europe arrays exhibit 689 

larger location errors as the rupture propagates farther from the epicenter. Overall, our BP results 690 
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show general agreement with the USGS model, as the HF radiators coincide with the major slip 691 

asperities (Figure 7a-c).  692 

 693 

4.3.3 Array-dependent Effect in BPs for Curved Ruptures 694 

As presented in Section 4.3.1, the BP results for the Mw 7.4 foreshock exhibit discrepancies 695 

when analyzed using arrays from Australia, China, and Europe. This array-dependent effect has 696 

been noted in past subduction zone and bilateral strike-slip events (e.g., Meng et al., 2011; Xu et 697 

al., 2023). In addition to the spatial bias discussed in Section 4.3.2, another contributing factor to 698 

these discrepancies is the inherent complexity of rupture processes. In some subduction zone 699 

earthquakes, the rupture fronts are curved and expand widely in space (black curves in Figure 8). 700 

If the fault plane is shallow-dipping, such curved rupture fronts can yield different BP results 701 

when observed by arrays with different azimuths. To illustrate the array-dependent effect more 702 

clearly, we conduct two synthetic tests. In the first test, we use the rupture model of the Mw 7.4 703 

foreshock from the USGS finite fault inversion as the input model. This rupture includes up to 3 704 

m of slip on the 32.0° dipping fault plane and curved rupture fronts, as indicated by the slip 705 

initiation time contours shown in Figure 8. The fault is discretized into 0.01° by 0.01° grids. We 706 

apply the Yoffe analytic function with a 5 s rise time as the slip-rate function. Synthetic 707 

waveforms are calculated as the sum of slip-rate contributions from each subfault, convolved 708 

with EGFs. We synthesize teleseismic P waveforms recorded by arrays in Australia and China, 709 

and PKIKP waveforms at the Europe array. The synthetic BP results from these three arrays are 710 

displayed in Figure 8. While all three BP images highlight HF radiators with strong beam power 711 

at or near the major slip patch, the locations of these radiators differ. The Australia array's BP 712 

resolves the northwest aspect of the major slip patch, whereas the China and Europe arrays 713 

emphasize the central patch. Additionally, the radiators resolved by the China array extend 714 

further northeast than those observed by the other two arrays.  715 

 716 

In the second test, we configure three point sources (Figure S27 in Supporting Information S1): 717 

source 1 ruptures at 0 s, while sources 2 and 3 rupture simultaneously at 10 s. All sources have a 718 

5-s rise time. Source 1 is positioned at the hypocenter of the Mw 7.4 foreshock, source 2 is 719 

situated 22.2 km north of source 1, and source 3 is located 22.9 km east-northeast of source 1. 720 

During this test, all three arrays accurately image source 1. The Australia array successfully 721 



28 

captures source 2 (Figure S27a  in Supporting Information S1), while Europe and China arrays 722 

image source 3 (Figure S27b-c in Supporting Information S1). 723 

 724 

These two synthetic tests clearly present the variations seen in BP images obtained from arrays at 725 

different azimuths. For each array, HF radiators are genuine, but they represent only parts of the 726 

curved rupture fronts. For earthquakes with complex rupture patterns, as often seen in nature, it 727 

is necessary to inspect BP results from multiple arrays for a more accurate interpretation of 728 

rupture kinematics. 729 

 730 
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 731 

Figure 6. BPs of the 2021 Mw 7.4 foreshock. (a-c) HF radiators evolution resolved by the 732 

Australia and southeast Asia array, Europe array, China array, respectively. The diamonds are 733 

HF radiators color-coded by rupture time with their sizes proportional to the normalized BP 734 

power. The contours denote the slip model from USGS. (d) Stations used for BPs. The green 735 
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triangles denote the Europe stations adopted in PKIKP phase BP, the pink triangles denote the 736 

SE Asia and Australia stations adopted in P phase BP, and the cyan triangles denote the China 737 

stations adopted in P phase BP. The yellow star denotes the epicenter. (e-g) The epicenter 738 

distance and time of HF radiators. 739 

 740 

 741 

Figure 7. BPs of the 2021 Mw 8.1 mainshock. (a-c) HF radiators evolution resolved by the 742 

Australia and southeast Asia array, Europe array, China array, respectively. The diamonds are 743 

HF radiators color-coded by rupture time with their sizes proportional to the normalized BP 744 

power. The contours denote the slip model from USGS. (d-f) The epicenter distance and time of 745 

HF radiators. (g) Stations used for BPs. The green triangles denote the Europe stations adopted 746 

in PKIKP phase BP, the pink triangles denote the SE Asia and Australia stations adopted in P 747 

phase BP, and the cyan triangles denote the China stations adopted in P phase BP. The yellow 748 

star denotes the epicenter.  749 

 750 
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 751 

Figure 8. Synthetic BPs for the 2021 Mw 7.4 Kermadec earthquake. The reddish color 752 

background indicates the slip distribution resolved by USGS. The black time contours and 753 

numbers indicate the slip initiation time in the USGS slip model. (a) The synthetic BP imaged by 754 

the Australia (AU) array utilizing P phase. (b) The synthetic BP imaged by the Europe (EU) 755 

array utilizing PKIKP phase. (c) The synthetic BP imaged by the China (CH) array utilizing P 756 

phase. The diamonds’ color indicates the time after the earthquake onset. The diamonds’ size is 757 

proportional to the BP power. 758 

 759 

 760 

5. Discussion 761 

5.1 Assessment of Waveform and Wavefront Distortions in PKIKP Phase 762 

Compared with the direct P phase recorded at teleseismic distances, which primarily propagates 763 

through the mantle, the PKIKP phase traverses both the core–mantle boundary (CMB) and the 764 

inner–outer core boundary. The CMB is known to exhibit strong heterogeneity (Haddon & 765 

Cleary, 1974; Garnero et al., 1988; Rost, 2013; Li et al., 2022b). To investigate potential 766 

waveform distortion (i.e., changes in waveform shape) and wavefront distortion (i.e., travel time 767 

variations) induced by heterogeneities, we analyze PKIKP and P waveforms of the 2021 Mw 8.1 768 

Kermadec earthquake (Figures 9a and S28-S29). The P waveforms were recorded at teleseismic 769 

distances by the Chinese array (Figures 9a and S28), while the PKIKP waveforms were recorded 770 

at near-antipodal distances by the European array (Figures 9a and S29). We process and inspect 771 

the waveforms filtered in the 0.25–1 Hz band using the following steps: 772 

(1) Initial alignment: All filtered waveforms are first aligned according to predicted P or PKIKP 773 

travel times from the 1D Earth model IASP91 (Kennett, 1991). Due to structural complexities in 774 
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the Earth's interior, this alignment remains approximate and introduces residual time errors 775 

(Figures S28a and S29a). 776 

(2) Cross-correlation: For each trace, we extract a 10-second window following the P or PKIKP 777 

arrival. We compute cross-correlations (CCs) between each selected trace and all others, 778 

allowing a ±2 s time shift to maximize the CC. Traces with CCs below 0.7 would be removed. 779 

(3) Reference trace selection and alignment: The trace that maintains the highest number of CCs 780 

above the threshold is selected as the reference trace (highlighted in red in Figures S28-S29). The 781 

aligned waveforms are shown in Figures S28b and S29b. 782 

(4) Distortion evaluation: The CCs between all traces and the reference trace are presented in 783 

Figure 9a, while the corresponding time shifts are shown in Figure 9b. 784 

 785 

For both P and PKIKP phases, most stations exhibit CC values greater than 0.7, and the 786 

corresponding time shifts are generally within ±1 s (Figure 9). Notably, no significant 787 

differences are observed in the CC or time-shift distributions between two phases. These findings 788 

suggest that, within the analyzed arrays, the degrees of waveform and wavefront distortion are 789 

comparable for both phases and are unlikely to degrade the quality of the PKIKP BP. 790 

 791 

 792 
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Figure 9. Distribution of cross-correlation coefficients (CCs) and time shifts. (a) Histogram of 793 

CCs relative to the reference trace. Blue bars represent the P phase; light red bars represent the 794 

PKIKP phase. The inset map shows the station distribution used for assessing waveform and 795 

wavefront distortions: blue triangles denote stations recording the P phase, and light red triangles 796 

denote stations recording the PKIKP phase. (b) Histogram of time shifts applied to each trace to 797 

maximize CC. 798 

 799 

 800 

5.2 Advantages, Limitations, and Potential Improvements of PKIKP BP 801 

Currently, most large and densely instrumented seismic networks with stable and publicly 802 

accessible data are located in the Northern Hemisphere, including the USArray, Alaska Array, 803 

European Array, Japanese Hi-net and F-net, and parts of the Chinese seismic array (Figure 10). 804 

In contrast, the Southern Hemisphere has limited coverage, with the Australian Array being the 805 

only network suitable for BP studies. To illustrate the spatial applicability of PKIKP BP, we plot 806 

global large earthquakes (Mw ≥ 7.0) that occurred between 2000 and 2022 in Figure 10. 807 

Earthquakes for which PKIKP BP is applicable are highlighted in red and purple. These events 808 

are primarily located in the southwest Pacific, along the western coast of South America, in the 809 

South Sandwich Islands of the South Atlantic, and in the southern Indian Ocean. In these 810 

regions, PKIKP BP can serve as a valuable reference when only one teleseismic array is 811 

available, or play a crucial role when no teleseismic array data is available. Furthermore, in some 812 

cases of bilateral earthquakes such as the aforementioned 2010 Mw 8.8 earthquake in Chile, the 813 

antipodal array exhibits a weaker array-dependent effect compared to the teleseismic array, 814 

resulting in a clearer image for the minor rupture branch. On the other hand, it also has several 815 

limitations. Under the same array configuration, PKIKP BP exhibits broader FWHM in its 816 

resolution kernels compared to P BP (Figure 1e), resulting in lower resolution. Additionally, 817 

when subjected to the same level of noise, PKIKP BP shows greater perturbation in the resolved 818 

source locations compared to P BP (Figures 1f and S7). Due to the longer travel paths of core 819 

phases through the Earth's interior, PKIKP BP results are also more susceptible to contamination 820 

from noise.  821 

 822 
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The 3D velocity heterogeneity of the Earth introduces uncertainties in BP results due to the path 823 

effect (Meng et al., 2016; Fan & Shearer, 2017). While the path effect has been investigated and 824 

corrected in some previous P phase BP studies (e.g., Meng et al., 2016; Fan & Shearer, 2017; 825 

Zeng et al., 2022; Zhang, 2019), it has not been explored in the context of PKIKP BP. Further 826 

research could focus on examining and mitigating the errors caused by the path effect in PKIKP 827 

BP to provide more accurate descriptions of earthquake processes. One potential solution to 828 

address the uncertainty is the application of Slowness-Enhanced Back-Projection (SEBP; Meng 829 

et al., 2016; Bao et al., 2019; Zhang, 2019). However, it should be noted that PKIKP phase has 830 

longer ray paths compared to direct P waves and traverses the highly heterogeneous inner core 831 

(Creager, 1997; Song, 2000; Vidale & Earle, 2000; Attanayake et al., 2018). Therefore, 832 

additional investigations are required to examine the travel time errors between realistic time and 833 

predictions based on 1-D velocity models. The first step in this process should involve checking 834 

if the spatial variation pattern of the travel time error is linear within the source region, which is 835 

a fundamental assumption of SEBP (Zhang, 2019; Zeng et al., 2022). Moreover, it is important 836 

to consider the complexities associated with the rotation processes of the outer and inner core, as 837 

their rotation rates and directions differ from other parts of the Earth (Song & Richards, 1996; 838 

Xu & Song, 2003; Yang & Song, 2023). Seismic phases traveling through the core from the 839 

same hypocenter to the same stations may experience changes in the ray path and travel time in a 840 

matter of decades or even shorter time scales (Vidale et al., 2022; Xu & Song, 2003; Yang & 841 

Song, 2023). Therefore, special caution is necessary when applying SEBP to the PKIKP phase. 842 

Foreshocks and aftershocks used to derive the slowness correction terms (Meng et al., 2016; 843 

Zhang, 2019) should be temporally close to the mainshock to avoid significant changes in the ray 844 

path and travel time. In addition, some multi-array approaches have been proposed to combine 845 

BP results from multiple arrays to image the 3D rupture paths (Xie et al., 2022) and reduce the 846 

inherent spatial bias (Vera et al., 2024). The application of PKIKP BP in these methods warrants 847 

further exploration. 848 

 849 

 850 
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 851 

Figure 10. Focal mechanisms of all large (Mw>=7.0) earthquakes between 2000 and 2022, and 852 

large aperture arrays (green triangles). The focal mechanisms are color-coded by available arrays 853 

for teleseismic and PKIKP BP. Blue: only teleseismic P phase is available for BP. Red: only the 854 

PKIKP phase is available for BP. Purple: both teleseismic P and PKIKP phases are available for 855 

BP.  856 

 857 

6. Conclusion 858 

In this study, we back-project the PKIKP phase seismograms utilizing MUSIC algorithm to track 859 

the evolution of HF radiators during large earthquakes. To systematically evaluate the 860 

resolutions and uncertainties of PKIKP BP, we inspect ARF and BP images derived from 861 

theoretical seismograms, and conduct noise bootstrap tests. Our results indicate that the effective 862 

epicentral distance range for PKIKP BP is between 150° and 180°. Additional tests confirm that 863 

the influence of trailing PKPab and PKPbc phases is minimal. We then perform synthetic tests 864 

using unilateral rupture models, where we accurately recover the input rupture locations, lengths, 865 

and speeds. To further examine PKIKP BP’s performance on natural large earthquakes, we apply 866 

our method to four events: the 2010 Mw 8.8 Chile earthquake, the 2021 Mw 7.2 Haiti 867 

earthquake, and the 2021 Kermadec Islands earthquake doublet. We inspect waveform coherence 868 

and compare our results with published studies, finding good agreement between PKIKP BP and 869 

previously reported teleseismic P BP images, surface fault traces, and finite-fault slip models. In 870 
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comparison to teleseismic P BP, the PKIKP BP demonstrates improved performance in imaging 871 

some bilateral ruptures. This is observed in the BP analysis for the 2010 Mw 8.8 Chile 872 

earthquake and is further validated through a synthetic test. By analyzing waveform coherence 873 

and travel-time residuals in P and PKIKP seismograms of the 2021 Mw 8.1 Kermadec 874 

earthquake, we find that PKIKP exhibits similarly minor waveform and wavefront distortions as 875 

direct P. We finally discuss the advantages and limitations of our method, as well as potential 876 

future work. Given that many earthquake-prone regions in the southern hemisphere are located 877 

near the antipodes of large aperture arrays installed in the northern continents (e.g., USArray, 878 

Europe array, Alaska array), PKIKP BP have the potential to be a powerful tool for imaging the 879 

source process of earthquakes in these regions. 880 

 881 
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