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Abstract18

Accurate earthquake hypocentres are fundamental to a wide range of geophysical stud-19

ies, yet source depth remains poorly constrained in teleseismic earthquake catalogues.20

Near source surface reflections such as pP, sP, and sS (known as depth phases) provide21

critical information for resolving hypocentral depth, particularly for intermediate-depth22

earthquakes. The number of depth phases reported by global earthquake monitoring agen-23

cies has declined significantly in recent decades, potentially reducing the precision of re-24

solved earthquake depths. To address this, we automatically detect P, pP, sP, S and sS25

phase arrivals using teleseismic ad-hoc arrays. We detect these phases for earthquakes26

in the South American Subduction Zone (SASZ) at depths of 40–350 km and between27

mb 4.7 to 6.5. The identified phases are integrated with the phases reported to the ISC28

Bulletin, and used to relocate earthquakes with ISCloc. We assess the impact of incor-29

porating automatically detected, ad-hoc array-derived depth phases on earthquake re-30

locations across the SASZ, and find an improvement in depth resolution for 88.8% of earth-31

quakes. Using this enhanced catalogue we investigate the structure of the Wadati-Benioff32

zone, focusing on two significant earthquakes: the 2005 Mw 7.7 Tarapacá and 2019 Mw33

8.0 Peru events. Finally, we successfully apply our methodology to deep focus earthquakes34

(350-700 km), which further define the deepest portion of the seismogenic slab. Our re-35

sults demonstrate the potential for automatically detected, ad-hoc array-derived depth36

phases to substantially improve the accuracy of teleseismic earthquake hypocentres, and37

offer further constraint upon slab geometry and seismogenic structure.38

Plain Language Summary39

Finding earthquake hypocentres is important for investigating and understanding40

the Earth’s interior, however earthquake depth is typically poorly constrained when lo-41

cal seismic networks are limited. By using depth phases (near-source surface reflections,42

such as pP) earthquake depth, and therefore the overall earthquake hypocentre, can be43

determined more accurately using distant seismic station data. In this paper, we create44

ad-hoc seismic arrays from available teleseismic stations, in order to detect small ampli-45

tude P and S coda depth phases automatically. We apply our approach to the entire South46

American Subduction Zone (SASZ), and use our ad-ho array-derived phases alongside47

the reported phases in the International Seismological Centre Bulletin to relocate the48

earthquakes using ISCloc. Our new continental-scale catalogue of earthquakes, demon-49

strates an increased depth resolution for 88.8% of earthquakes. Using the catalogue, we50

assess the structure of the Wadati-Benioff zone and consider the impact of our results51

upon the interpretation of two major earthquakes: the 2005 Mw 7.7 Tarapacá and 201952

Mw 8.0 Peru events. Overall, we show that automated detection of depth phases using53

ad-hoc arrays can improve the accuracy of earthquake hypocentres, and the resulting cat-54

alogues can further constrain slab geometry and stress distribution.55

1 Introduction56

The accurate location of earthquakes using globally-distributed seismic data un-57

derpins a wide range of solid-Earth geophysics, from seismic hazards assessment to nu-58

clear security, regional tectonics to global-scale tomographic imaging. The depth of an59

earthquake is generally the least well determined dimension of an earthquake hypocen-60

tre, particularly when locating an earthquake using teleseismic (i.e. seismic phases recorded61

30-90◦ from the source) phases. This can be mitigated by using near-source surface re-62

flections arriving at a station shortly after their related direct arrival (e.g. pP and sP63

in the coda of P, sS in the coda of S ), known as depth phases. This is effective due to64

the relative delay times between a direct arrival and the depth phases, which provide cru-65

cial constraints on the source depth of an earthquake, and are largely independent of the66

lateral location or origin time.67
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Figure 1. Number of depth phases (pP, sP, pwP, sS and surface reflected core phases)

defining ISC earthquake hypocentres against the year the earthquake occurred (ISC, personal

comms.). Grey dotted line highlights the beginning of 2009, where numbers begin to decline. Red

dotted line shows the beginning of 2023, where the reviewed ISC catalogue approximately ends at

time of writing.

Whilst the identification of distinct depth phases is difficult for earthquakes at shal-68

low depth due to overlap and interference with the direct phase, for earthquakes deeper69

than ∼25 km the incorporation of a significant number of depth phases can result in high-70

precision depths and therefore improved hypocentre resolution. This is further comple-71

mented by the vast data coverage offered by routinely operating seismic stations around72

the world, which opens up the potential to expand high-precision earthquake relocation73

to unprecedented regions and scales. The increasing coverage of seismic data combined74

with the detection and application of depth phases can help to enhance our understand-75

ing of the intermediate-depth and deep focus seismicity, typically associated with sub-76

duction, and therefore the evolution of subducted slabs as they descend into the man-77

tle.78

In the last 2 decades the number of depth phases reported from global seismic mon-79

itoring agencies to the International Seismological Centre (ISC), which is responsible for80

collecting and preparing the definitive summary of world seismicity, has substantially de-81

creased. This is likely due to the technical difficulty of picking depth phases coupled with82

limited picking resources at data centres. Consequently, the number of depth phases used83

in ISC relocations has dropped from ∼8000-17,000 to ∼4000-7000 per month (Figure 1).84

Without the incorporation of depth phases, teleseismic hypocentres of relatively deep85

earthquakes (≥ 25 km) will have reduced depth resolution, leading to increased uncer-86

tainty in the other location parameters (lateral location and origin time). Therefore, there87

has been increased motivation to pick depth phases, either manually or automatically,88

to backfill the lack of reported depth phases and improve their earthquake relocations.89

Blackwell et al. (2024) developed a new approach building on the work of Florez90

and Prieto (2017) to leverage the growing density of routinely-operating seismic stations,91

where the waveforms are openly accessible. This approach relies on assembling and pro-92

–3–



manuscript submitted to JGR: Solid Earth

cessing ad-hoc arrays to increase the signal-to-noise ratio of the phases (Ward et al., 2023),93

and automatically picking the beams derived from these ad-hoc arrays for P, pP and sP94

arrivals expressly to improve depth determination in Peru and northern Chile. The ap-95

proach of Blackwell et al. (2024) does not account for 3D variations in earthquake lo-96

cation and depth, nor does it incorporate depth phase bounce point corrections when97

determining earthquake depth. These are significant assumptions to apply to regions in98

South America, given the local Andean mountain range and associated crustal geome-99

tries (Craig, 2019), as is the assumption (common in teleseismic studies) that lateral lo-100

cation is unchanged when re-determining hypocentre depth. We can account for these101

assumptions by integrating the increased observational data available, using the approach102

outlined in Blackwell et al. (2024), with a more comprehensive location procedure, such103

as the ISC relocation algorithm, ISCloc (Bondár & Storchak, 2011). ISCloc calculates104

the earthquakes latitude, longitude, origin time and depth as well as determining the un-105

certainty in these parameters through an iterative linearized inversion. Travel times are106

calculated using the ak135 1D global velocity model (Kennett et al., 1995) and depth107

phase bounce point corrections are calculated from a 0.5 degree resolution topography108

(Engdahl et al., 1998; Bondár & Storchak, 2011).109

In this paper, we test the impact of adding automatically derived depth phases to110

the wider set of seismic phases reported in the ISC Bulletin, using an expansive dataset111

encompassing the South American Subduction Zone (SASZ) and the ISCloc location al-112

gorithm. We show an improvement in the depth resolution of both the previous cata-113

logue reported by Blackwell et al. (2024) and the ISC Bulletin in the region, demonstrat-114

ing the benefits of augmenting a phase catalogue with ad-hoc array determined depth115

phases. Furthermore, we also investigate the impact of the newly relocated earthquakes116

upon the current understanding of the Wadati-Benioff zone (Wadati, 1935; Benioff, 1949)117

in northern Chile, the 2005 Mw 7.7 Tarapacá and 2019 Mw 8.0 Peruvian earthquakes.118

As part of this work, we extend the approach of Blackwell et al. (2024) to accommodate119

transverse-component ad-hoc array data for the detection of the direct S wave and its120

principal depth phase, sS, and further apply this method to relocate deeper earthquakes.121

1.1 South American Subduction Zone (SASZ)122

At the SASZ margin the Nazca and South American plates converge, as the Nazca123

plate subducts eastwards beneath South America. The margin extends from approxi-124

mately 6◦S to 45◦S in latitude, with the plates converging at ∼5.6–6 cm/yr in the di-125

rection of ∼81–83◦N (Trenkamp et al., 2002). This encourages increasingly oblique con-126

vergence north of Chile, where the subduction trench curves westward (Rodŕıguez et al.,127

2024). The down-going Nazca plate in the SASZ has a number of bathymetric features128

(Figure 2) which are thought to influence seismicity and slab geometry in the region, such129

as fracture zones and ridges (Espurt et al., 2008; Bilek, 2010; Gao et al., 2021), and two130

named flat slab sections – the Peruvian and Pampean flat slabs (Flament et al., 2015).131

The margin also has associated arc volcanism; the locations of the Holocene volcanoes132

are illustrated in Figure 2. By extending the approach of Blackwell et al. (2024) to in-133

clude the entire SASZ, and incorporating new phases (S and sS ), we aim to generate134

catalogues which can be used to assess further links between seismicity and the back-135

ground geodynamic setting. In the later stages of this work, we consider the implications136

of the revised seismicity catalogue on our understanding of the geometry and dynam-137

ics of the Wadati-Benioff zone and subducted plate, as well as for understanding the seis-138

mic activity in areas which hosted large-magnitude intraslab earthquakes (the 2005 Tara-139

pacá and 2019 northern Peru earthquakes).140
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Figure 2. Map of the initial earthquake catalogue (circles) used for the SASZ intermediate-

depth earthquake relocation. The thick red line shows the location of the subduction trench, and

red triangles represent the locations of Holocene volcanoes (Global Volcanism Program, 2024)

Other bathymetric and slab features are labelled (Zandt et al., 1994; Espurt et al., 2008; Bilek,

2010; Flament et al., 2015).
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2 Earthquake relocation with ISCloc141

We build upon and apply the methodology documented in Blackwell et al. (2024),142

to determine arrival times for teleseismic P, pP, sP, S and sS phases from array processed143

data. This aims to boost the signal-to-noise ratios of typically very small amplitude ar-144

rivals, relative to what is possible with a single seismic station. The arrays are assem-145

bled for each earthquake from the available teleseismic stations using unsupervised ma-146

chine learning and are used for phase detection (further detail can be found in Section147

2.3). We then combined these ad-hoc array determined arrivals with previously reported148

phase arrivals (archived at the ISC) and use the combined dataset to relocate earthquakes149

using ISCloc (Bondár & Storchak, 2011) (which solves for earthquake latitude, longitude,150

depth and origin time). We begin with an initial earthquake hypocentre catalogue for151

the SASZ – the selection of which is described in Section 2.1 – which we aim to refine152

by increasing the number of depth phases available for hypocentre determination. We153

will demonstrate the methodology with an example earthquake (mb 6.0 from 25th July154

2016, located in Chile) to illustrate the ad-hoc array processing and analysis steps.155

2.1 Initial catalogue156

The approach we have developed looks to refine intermediate-depth earthquake hypocen-157

tres which have already been determined by an external agency. For our initial SASZ158

earthquake catalogue, we take all earthquakes recorded in the ISC catalogue along the159

South American Subduction Zone from 01/01/1995 to 09/09/2024, with depths of 40–160

350 km. In keeping with the conclusions of Blackwell et al. (2024), we do not consider161

earthquakes shallower than 40 km, as the direct and depth phases are likely to overlap,162

and we limit the magnitudes for which we attempt relocation to mb 4.7 – 6.5. The re-163

sults of this search form the initial catalogue for our earthquake relocation approach, con-164

taining 2877 earthquakes (Figure 2).165

2.2 Data processing166

For each earthquake in the initial catalogue taken from the ISC (see Section 2.1),167

all available BH* or HH* channel teleseismic data (recorded between 30-90◦ epicentral168

distance), and their metadata, are downloaded from open access FDSN servers using Ob-169

spyDMT (Hosseini & Sigloch, 2017). These data are then pre-processed to prepare for170

the array-based approach discussed in Section 2.3.171

We discard traces with gaps or missing data, and rotate horizontal components into172

the N and E orientations (if they are not already), using the component orientation stored173

in the metadata. The instrument responses are then deconvolved from the waveforms,174

and waveform data are converted to velocity, linearly detrended, demeaned, have a 5%175

end taper applied, bandpass filtered, are resampled to 10 Hz, and are normalised to their176

peak absolute amplitude. The bandpass filter applied depends on the component. Z-component177

data are filtered between 0.1-1.0 Hz, whilst horizontal component data are filtered be-178

tween 0.03-0.2 Hz. For the duration of the seismic data processing, the Z components179

and horizontal components are handled independently, with horizontal components for180

a station only being processed if the station has 3-component data. Figure 3 summarises181

the data processing workflow.182

2.3 Detecting P, pP, sP, S and sS picks using adaptive ad-hoc arrays183

To determine the P, pP, sP, S and sS phases, used to refine the earthquake hypocen-184

tres (see Section 2.5), array processing is applied to boost the phase signal-to-noise ra-185

tios for automatic picking. A summary workflow of the array processing steps and phase186

identification is shown in Figure 4.187
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Figure 3. Summary workflow for processing 3-component teleseismic data for array processing

in Section 2.3.
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2.3.1 Creating ad-hoc arrays188

For an earthquake with pre-processed Z component seismic data, stations are grouped189

into ad-hoc arrays using a combination of DBSCAN clustering (Ester et al., 1996) and190

Ball-Tree nearest neighbour algorithms (Pedregosa et al., 2011; Ward et al., 2023; Black-191

well et al., 2024). The DBSCAN algorithm searches for sufficiently dense station distri-192

butions to form arrays with at least 10 stations within a 2.5◦ aperture, and identifies a193

central core station per array. The nearest neighbour algorithm selects the stations within194

the aperture of each core station to generate ad-hoc arrays. For the example earthquake,195

which occurred on 25th July 2016 in Chile at (26.1551◦S, 70.4548◦W), there are 1789196

stations with processed Z-component data, which are clustered into 88 ad-hoc arrays con-197

taining 1229 of the available stations (Figure 5). Therefore, there are 560 stations with198

Z-component data which were not incorporated into an ad-hoc array – these stations are199

located too sparsely to generate an array which fits the density parameter.200

To process P coda arrivals (hereby referring to P, pP and sP) the Z-component201

seismic data are arranged into ad-hoc arrays. For targeting S coda arrivals (hereby re-202

ferring to S and sS, S coda processing is optional throughout this workflow), the avail-203

able 3-component stations are assembled into the same ad-hoc arrays defined for P coda204

arrivals. Typically there are fewer stations available within an ad-hoc array which have205

data available for all 3 components, this can cause a number of 3-component ad-hoc ar-206

rays to have less than the required 10 stations or no stations at all. For the SASZ, 285,213207

ad-hoc arrays are generated for the entire initial catalogue using Z component data, and208

only 89,024 ad-hoc arrays with 10 or more stations are re-created using 3-component data209

(31.2%). For the example earthquake from 25th July 2016, there are 88 ad-hoc arrays210

created from the Z component data, with only 72 from the 3-component data. Despite211

the reduction in ad-hoc array quantity, designing the S coda workflow to be dependent212

upon the P coda workflow significantly simplifies the approach.213

2.3.2 Determining best-fit backazimuth and slowness214

After the ad-hoc arrays have been established, the approach can take advantage215

of array processing to boost the signal-to-noise ratios of the small-amplitude depth phases216

(pmP, pP, sP and sS ). For both the Z-only and 3-component versions of each ad-hoc ar-217

ray, the best fitting backazimuth and slowness for the P and S waves are found directly218

from the station data by beampacking the arrivals. The Z component ad-hoc array data219

are trimmed around the ak135 (Kennett et al., 1995) modelled P arrival, and beamformed220

with a range of test slownesses (±0.04 s/km in intervals of 0.001 s/km) and backazimuths221

(±15◦ in 1◦ intervals) centred on the expected values calculated using ray tracing (Crotwell222

et al., 1999). The backazimuth and slowness which construct the largest amplitude beam223

are selected as the best fitting beamforming values.224

For a 3-component ad-hoc array, the best fitting backzimuth found from the Z com-225

ponent data is used to rotate the horizontal components into radial and transverse ori-226

entations. If the Z component ad-hoc array fails to provide a beampack determined back-227

azimuth, the theoretical backzimuth based on the initial catalogue hypocentre is used228

instead. Given that the approach intends to pick S and sS, the transverse (T) compo-229

nent is taken forward for further analysis. The best fitting slowness and backazimuth are230

searched for using the same beampacking approach applied to the Z component data.231

However this time the T component data is trimmed to include the ak135 (Kennett et232

al., 1995) modelled S arrival, and the test ranges straddle the expected S wave slowness233

and backazimuth.234

Figure 6 shows examples of the beampacking parameter search to extract the best235

fitting slowness and backazimuth values for both P and S waves (filled red circles on a236

and d), and their resultant beams (c and f), for the same ad-hoc array. A comparison237

to the expected values is additionally provided (hollow red circle on a and d), and the238
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30°

Figure 5. Example of the ad-hoc array creation process for a mb 6.0 earthquake from 25th

July 2016 located in Chile, showing a global distribution of teleseismic stations with processed

Z components and the subsequent ad-hoc arrays (bottom), and a zoom in of the ad-hoc arrays

created in the USA (top). The core stations per ad-hoc array are shown as thick black circles

and the associated ad-hoc array stations as coloured triangles. The unused stations (grey Ys) are

those removed via the DBSCAN routine, prior to the Ball-Tree process. The earthquake focal

mechanism is taken from the Global Centroid Moment Tensor Project (GCMT) (Dziewonski et

al., 1981; Ekström et al., 2012).
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beams they construct (b and e). We find that using data-derived beamforming param-239

eters can significantly improve the wavelet geometry and signal-to-noise ratio of the depth240

phases since they account for near-receiver velocity structure variations, which acts to241

further suppress incoherent noise. This improves the ability to automatically pick the242

phases from the beams.243

2.3.3 Data quality control244

We apply two data quality tests to ensure that only ad-hoc arrays with clear, co-245

herent arrivals are considered for automatic picking. Our automatic picking routine (Sec-246

tion 2.3.4) relies upon fourth order phase weighted beams (Schimmel & Paulssen, 1997)247

for phase detection, we therefore also use phase weighted beams during our quality con-248

trol tests to ensure continuity between the two processes.249

We first compare each trace in the ad-hoc array to the resultant optimum, phase250

weighted beam (created with the beampack determined slowness and backazimuth) us-251

ing cross-correlation. Any trace which has a cross-correlation coefficient less than 0.3 or252

which requires a timeshift greater than 0.5 seconds to align the trace to the beam, is dis-253

carded (Blackwell et al., 2024). If the ad-hoc array has less than 8 traces after this test,254

the ad-hoc array is removed from further analysis. If the ad-hoc array has 8 traces or more,255

the ad-hoc array analysis begins again, to re-determine the best fitting slowness and back-256

azimuth from the remaining traces, using the beampacking routine.257

Second, we assess the coherency of the arrivals in the ad-hoc array data by con-258

sidering their slowness vespagram. Fourth order phase weighted vespagram beams are259

constructed using the same test slowness range used during the beampacking routine,260

and the beampack-determined backazimuth. On the resultant normalised vespagram, any261

peaks greater than 0.6 of the largest amplitude peak are selected, categorised into clus-262

ters using DBSCAN (Ester et al., 1996), and the cluster centres are extracted. These clus-263

ter centres are expected to represent the P or S coda arrivals for the Z and T compo-264

nent ad-hoc arrays, respectively, and therefore, are expected to align along the beampack-265

determined slowness. If the clusters are prominent at an unexpected slowness on the ves-266

pagram, that is an indication that the ad-hoc array is too complex or poor quality to au-267

tomatically pick. A set of criteria from Blackwell et al. (2024) are used to identify poor268

quality vespagrams. Specifically if the mean slowness is within 0.006 s/km of the expected269

beampack-determined slowness and the standard deviation of the cluster centres is <0.0105270

s/km, then the ad-hoc array passes the quality threshold. If these criteria are failed on271

either grounds, the ad-hoc array is discarded.272

These quality control tests are separately applied to the Z and T component ad-273

hoc arrays for a given earthquake. However, for the T component ad-hoc array to be pro-274

cessed and analysed, the equivalent Z component ad-hoc array must have passed the qual-275

ity standards set. Furthermore, since the T component ad-hoc arrays are arranged sub-276

optimally to match those created with the Z component data, and often have a reduced277

number of traces per ad-hoc array (hence a 68.8% reduction in ad-hoc arrays with more278

than 10 stations), the T component ad-hoc arrays are more likely to be discarded by the279

quality control tests.280

2.3.4 Automatic phase detection and identification281

After the quality control routines have been applied, the ad-hoc array is eligible to282

be automatically picked using a threshold-based approach. We detect phases using the283

envelope of the normalised optimum, phase weighted beam. The dynamic threshold for284

a given ad-hoc array is determined from the distribution of amplitudes in the envelope285

by approximating the percentile (and thus, amplitude) after which larger amplitudes rep-286

resent significant signal (Figure 7). Peaks which exist above this dynamic threshold, and287
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Figure 6. P and S wave amplitudes during beamforming in polar coordinates (backazimuth

and slowness) to determine the best-fit backazimuth and slowness parameters directly from the

ad-hoc array traces (a and d). The open red circle shows the expected slowness and backazimuth

found through ray tracing and the corresponding phase-weighted beam in (b and e). The filled

red circle shows the beampack derived values and the resultant phase-weighted beam in (c and f),

showing the importance of using measured backazimuth and slowness values. Example from mb

6.0 earthquake from 25th July 2016, ad-hoc array at 75.1◦ epicentral distance.
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Figure 7. Example of the automatic picking threshold found for an ad-hoc array at an epicen-

tral distance of 75.1◦ from the mb 6.0 earthquake on 25th July 2016. Distribution of amplitude

values for the ad-hoc array beam with respect to the percentile, the approximation of the beam

with two lines, their intersection and the final threshold found for the Z (a) and T (c) compo-

nents. Threshold relative to the envelope of the phase-weighted beam for the Z (b) and T (d)

components.

have a prominence greater than 0.15 of the maximum peak found in the beam are se-288

lected as candidates for our phases. For phase detection the beam for the ad-hoc array289

is trimmed to only include the expected phases, using arrival times determined through290

the ak135 1D Earth model (Kennett et al., 1995) (e.g. 98% of the modelled P arrival291

time to 102% of the modelled sP arrival, for picking the P coda).292

These candidates are subsequently passed to a phase detection routine to deter-293

mine the most likely trio of peaks for P, pP and sP from the Z component data, and the294

most likely pair of peaks for S and sS from the T component data, when compared to295

the ak135 (Kennett et al., 1995) modelled arrivals. The best fitting sets of P and S coda296

peaks are selected as the final phase picks (note that P and S candidate peaks are in-297

dependently assessed, Figure 8), however if multiple trios or pairs of phases are appro-298

priate for the phases, the largest combined amplitude sets are selected. Equally if a suit-299

able trio of P, pP and sP picks is not found, pairs of P and pP or P and sP are searched300

for instead. If there are no pairs found from the Z or T component data candidate picks,301

no phases are detected.302

Each ad-hoc array for a given earthquake is analysed as described in this section303

(Section 2.3), with each Z component ad-hoc array processed and analysed before the304

equivalent T component data. Figure 9 illustrates the success rate for the 25th July 2016305

earthquake, by showing which ad-hoc arrays produced phase picks for both the Z and306

T component data. The Z component data generated 88 ad-hoc arrays, resulting in 73307

picked ad-hoc arrays (this could be P and either pP or sP, or all 3 phases). Whilst the308

T component data provided 72 ad-hoc arrays, using the previously defined Z component309

ad-hoc arrays, and 57 of those provided picks (both S and sS ). The T component work-310
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(a) (c)

(b) (d)

Figure 8. Example Z and T component ad-hoc arrays located 75.1◦ from the earthquake,

their automatic picks and differential times between phases for the mb 6.0 earthquake which

occurred on 25th July 2016 in Chile. (a) and (b) are the vespagram and optimum beam respec-

tively for the Z component ad-hoc array, whilst (c) and d) are the vespagram and beam for the T

component ad-hoc array. Blue vertical lines indicate the time window of data used for automatic

picking.

flow suffers from a greater loss of data, due to the current requirement to construct the311

same ad-hoc arrays used for the Z component data, and link their processing to the suc-312

cess of the equivalent Z component ad-hoc array.313

2.4 Converting amplitude picks to onset times314

Previously Blackwell et al. (2024) used the relative timing of P wave coda arrivals315

determined from the ad-hoc arrays to directly determine earthquake depth. The pick-316

ing approach employed is designed to select the amplitude maxima of the phases, as op-317

posed to the phase onsets. This improves the ability to automatically and consistently318

pick phases, and proved sufficient for using the relative arrival times of the phases to de-319

termine earthquake depth. However, integrating the ad-hoc array-observed phases with320

phases reported by the ISC Bulletin, in preparation for relocation with ISCloc, requires321

us to correct the amplitude picks to onset arrival times.322

For simplicity, we use P wave arrivals reported to the ISC to inform our required323

time-shift. We therefore developed an approach to extract the stations with time-defining324

(hypocentre defining) P phases reported for a given earthquake from the ISC Bulletin.325

We associate the stations with the ad-hoc arrays, slowness correct the phases to the ge-326

ometric centre of the ad-hoc arrays and calculate the median P onset time (when there327

are multiple) for a given ad-hoc array. The difference between the ISC catalogue derived328

P arrival time and the P amplitude pick from the ad-hoc array data is determined and329

used as the time-shift correction for the pP and sP phases. The ISC catalogue derived330

P arrival is used as the corrected P onset time.331
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Figure 9. Global distribution of teleseismic stations in picked Z (P coda, a) and T (S coda,

b) component ad-hoc arrays (bottom), and a zoom in of the USA ad-hoc arrays (top), from

the mb 6.0 25th July 2016 earthquake. The initially created core stations per ad-hoc array are

shown as thick black circles and the stations of picked ad-hoc arrays as coloured triangles. The

earthquake focal mechanism is taken from the Global Centroid Moment Tensor Project (GCMT)

(Dziewonski et al., 1981; Ekström et al., 2012).
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The manner of the approach means that if there is not a P arrival reported by a332

station within an ad-hoc array, that ad-hoc array’s picks cannot be corrected and thus333

used. This is a common occurrence for earthquakes after 2022 at time of writing, as the334

ISC review process runs about 23-24 months behind real time. We therefore choose to335

only include earthquakes from 1995-2022 to achieve a stable dataset and the best pos-336

sible results. Our tests on the previously relocated intermediate-depth earthquake cat-337

alogues derived for Peru and northern Chile (Blackwell et al., 2024), when removing earth-338

quakes from >2022, indicate that 25.5% (8815 out of 34598) of all ad-hoc arrays fail due339

to a lack of reported P arrivals. This converts into a loss of 11.6% earthquakes, where340

there are no P arrivals within the aperture of any of the ad-hoc arrays reported in the341

ISC catalogue, with a mean magnitude of mb 4.99. We feel that the failure rates are man-342

ageable given the large initial dataset, and note that our catalogue will likely have a higher343

magnitude of completeness than originally intended.344

We extend this methodology to the S wave coda picks, using exactly the same ap-345

proach, except ISC reported S arrivals are slowness corrected and used to convert the346

amplitude-based S and sS picks to onset times. Both corrections are limited by the avail-347

ability of direct P and S arrivals within a given ad-hoc array aperture, with S coda ar-348

rivals rarely being converted as a result. The example earthquake from the 25th July 2016349

only had 28.7% of ad-hoc arrays with S coda picks fail to be converted. However, 92.5%350

of all candidate T component ad-hoc arrays with picks for the SASZ fail as they have351

too few reported direct S wave arrivals, resulting in 80.0% of earthquakes with S coda352

picks without a single converted phase. For comparison, only 25.0% of Z component ad-353

hoc arrays with picks fail to be converted to absolute time, which translates to 22.2%354

of earthquakes. This illuminates an emerging issue with the low numbers of S waves re-355

ported by global seismic monitoring agencies.356

We find a modal average delta of 0.87 seconds between the ISC derived P arrival357

and the ad-hoc array derived P amplitude pick, using the ad-hoc arrays from the Peru-358

vian and north Chilean relocated catalogues from Blackwell et al. (2024) (Figure S1 (d)).359

To utilize the ad-hoc arrays without a recorded P arrival, it might be possible to use the360

mode to correct the ad-hoc array phases to onset times. Alternatively there is the pos-361

sibility to use a machine learning picker to backfill ad-hoc arrays missing a recorded P362

onset. For this paper, we limit our onset correction to the use of the manually reviewed363

ISC catalogue P phases to ensure high quality results.364

2.5 Set up and application of ISCloc365

The online ISC Bulletin is dynamic, with the possibility of having new phases re-366

ported and added for a given earthquake after an ISC hypocentre is determined. In or-367

der to appropriately quantify the impact that adding ad-hoc array derived depth phases368

has on earthquake hypocentres, we run ISCloc twice, once with the phases currently re-369

ported for an earthquake in the ISC Bulletin, and once with the ISC reported phases plus370

the onset corrected ad-hoc array picks for P, pP, sP, S and sS, to ensure a fair compar-371

ison between the relocation outputs. We exclude ISC reported phases which are observed372

over 120◦ away from the ISCloc inputs to avoid complications with core depth phases,373

and we apply a linear inversion approach which seeds on the published ISC hypocentre.374

In line with Bondár and Storchak (2011), we require a minimum of 5 depth phases to375

secure depth resolution, and the ability to search/iterate without a fixed initial depth.376

This criterion is important since the addition of ad-hoc array phases could make the dif-377

ference between an earthquake being located with a fixed, grid defined depth or not, or378

even from having a robust hypocentre determined at all.379
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3 Catalogue analysis and interpretation380

3.1 Assessing the impact of automatically derived depth phases381

In this section we will compare the results from ISCloc when inputting the phases382

reported in the ISC Bulletin, versus the same input plus the ad-hoc array determined383

onsets for P, pP, sP, S and sS, for each earthquake. Henceforth, we refer to the online384

ISC Bulletin phases as the reported ISC inputs, and the ISC reported phases with the385

ad-hoc array phases will be referred to as the Augmented ISC inputs. The aim is to as-386

sess how the addition of automatically-derived depth phases affects both the hypocen-387

tre of a given earthquake and the error statistics.388

1694 earthquakes have been augmented with 68,075 additional ad-hoc array derived389

phases, which provide a 50.0% increase in total depth phases used – 27.0% of these depth390

phases can be fitted within a small enough time residual to inform the earthquake hypocen-391

tre, referred to as time-defining, and are therefore used in the algorithm to increase depth392

resolution (Figure 10). The percentage of depth phases used to define the hypocentres393

is low suggesting that ISCloc acts as another quality control upon the depth phases, only394

allowing picks which agree with the determined epicenter to influence the inversion. Fig-395

ures 10a and b also illustrate that the earthquakes with lower numbers of depth phases396

experience the greatest impact from the addition of ad-hoc array derived phases, as the397

numbers of (particularly time-defining) phases can increase by more than 100%, thus al-398

lowing greater depth resolution during the earthquake relocation. We will assess the value399

of the ad-hoc array phase additions in terms of hypocentre location and depth, the as-400

sociated errors and the relation to earthquake magnitude in this section.401

As a result of the incorporated ad-hoc array derived phases, there are 1057 earth-402

quakes in the new SASZ intermediate-depth earthquake catalogue with free hypocen-403

tre solutions. For the earthquakes which were not relocated, most (784) fail to be relo-404

cated due to a lack of P and S picks reported in the ISC Bulletin, which are required405

to convert the amplitude picks to onset times. This is especially true for 2023/2024 earth-406

quakes which are not currently considered for conversion (255 earthquakes with picks).407

An alternative independent method of reporting direct arrivals is needed to improve this408

in the future, potentially making use of machine learning seismic picking techniques (Münchmeyer409

et al., 2024). 79 earthquakes also have had their number of depth phases increased to410

more than 5, which allows ISCloc to solve for depth (assuming 5 depth phases are time411

defining) when ad-hoc array determined phases are incorporated. The addition of ad-412

hoc determined phases has decreased the mean depth error by 0.47 km (see Figure 11)413

when compared to the reported ISC catalogue (relocated using ISCloc and the reported414

ISC phases, without any additional phases), with depth error reductions for 939 (88.8%)415

of the 1057 earthquakes.416

Depth errors are also unchanged for 68 earthquakes (6.4%), increase for 15 earth-417

quakes (1.4%) and are newly determined for 34 (3.2%) earthquakes which now have a418

resolved depth due to the incorporation of ad-hoc array determined depth phases (i.e.419

taking them over the threshold value of 5 defining depth phases). The earthquakes which420

have newly resolved depths have an average magnitude of mb 5.1, average depth of 86.8421

km, and their epicentres are distributed across the entire SASZ. The few earthquakes422

with increased error using the augmented ISC catalogue input are typically caused by423

the additional time-defining phases producing large time residual misfits to the final hypocen-424

tre. Given our depth errors can increase when an earthquake has new input phases, it425

could be suggested that the errors defined for earthquakes are overly conservative and426

need to be increased to align with our error observations in the future.427

We additionally note that a reduction in depth error is strongly correlated with the428

percentage increase in time-defining depth phases, which is largely a function of earth-429

quake magnitude, and not necessarily related to an absolute number of additional phases430

–17–



manuscript submitted to JGR: Solid Earth

1:
1

+1
0%

+2
0%

1:
1

+2
5%+5

0%+
75
%

+
1
0
0
%

(c)

1:
1

+2
5%+5
0%+
75
%

+
1
0
0
%

(a) (b)

Figure 10. Number of input depth phases (a), time-defining depth phases (b) and all time-

defining phases (c) for the ISC reported catalogue versus the augmented ISC catalogue. Red

bands highlight earthquakes with less than 5 depth phases.

(Figure S2 (b) and (c)). Lower magnitude earthquakes are more likely to experience a431

greater percentage increase in time-defining depth phases, which translates to a greater432

reduction in depth error. Therefore augmenting the catalogue with ad-hoc array derived433

phases has a greater impact upon the relocations of earthquakes with low numbers of434

time-defining depth phases, which tend to be low magnitude earthquakes.435

We also consider horizontal error reduction by calculating the area of the horizon-436

tal error ellipse, and notice that the addition of ad-hoc array phases minimally influences437

the horizontal error, with a mean reduction of 1.95 km2. Despite this, some outliers ex-438

ist where the horizontal error significantly decreased – notably there is an earthquake439

showing a reduction of 144 km2. Further inspection of these examples shows that time-440

defining sP additions with small time residuals allow significant horizontal error reduc-441

tion when few depth phases exist in the ISC reported catalogue, and the hypocentre was442

already poorly constrained; the example with the 144 km2 reduction had an initial hor-443

izontal error area of >800 km2. This suggests that improvement of horizontal and depth444

error is more sensitive to added sP than pP phases.445

We test the sensitivity of depth error reduction to the addition of pP versus sP (see446

Figure S3). We see that a greater absolute number and proportion of sP phase additions447

to pP lowers the depth error for earthquakes by a mode of 0.14 and 0.71 km respectively.448

It is clear that a reduction in depth error benefits from a larger number of sP phases,449

likely due to the low numbers in the reported ISC catalogue compared to the number450

of reported pP phases.451

3.2 Continental-scale application - South American Subduction Zone452

The previous section has shown that a proportional increase in P, pP, sP, S and453

sS phases – determined through ad-hoc arrays – decreases the number of earthquakes454

where depth is defined from a pre-determined grid (fixed), decreases depth error in 88.8%455

of earthquakes and that sP phase additions influence the reduction in depth error to a456

greater extent than pP. Whilst the reductions are typically small (mean reduction of 0.47457

km), slight improvements in depth resolution across an earthquake catalogue can allow458

updates in the interpretation of a seismogenic region.459

Figure 12 shows the new intermediate-depth earthquake catalogue for the SASZ,460

determined with the augmented ISC phase catalogues and ISCloc, with example cross461

sections highlighted (see supplementary material for figures showing all of the example462

cross sections). Cross sections C-C’, D-D’ and I-I’ (Figure 13) illustrate the differences463
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Figure 11. Comparison of depth and depth error between the reported ISC and augmented

ISC inputs when applying ISCloc. (a) and (b) show the depth and depth error change when

additional ad-hoc array phases are included. Both plots are coloured by number of additional

time-defining phases, and (a) also has orange outlines for earthquakes which had fixed depths

prior to the addition of phases. (c) and (d) are histograms showing the residual between the

reported ISC and augmented ISC depths and depth errors respectively. (c) has orange bars indi-

cating residual in depth when the fixed earthquakes are included. earthquakes which did not have

new time-defining phases from the augmented ISC input are not plotted.
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Figure 12. Map of the relocated intermediate-depth earthquakes (a), using the ISC aug-

mented phase catalogues (which include ad-hoc array determined P, pP, sP, S and sS phases),

with Slab2 contours (Hayes et al., 2018) and cross section locations (b). Red squares indicate the

Mw 8.0 Peruvian earthquake and Mw 7.7 Tarapacá earthquake (Section 3.3).

between the earthquake hypocentres with and without the ad-hoc array determined phases,464

and when the phase catalogues are only augmented with the P coda picks. They also465

show previously identified features along the SASZ, including the Peruvian flat slab (Portner466

& Hayes, 2018) and Pucallpa nest (C-C’) (Wagner & Okal, 2019; Sandiford et al., 2020),467

the transition from flat to normally dipping slab in northern Chile (D-D’) (Ye et al., 2020),468

the geometry of the Pampean flat slab (Flament et al., 2015) and how the apparent seis-469

mogenic slab thickness can be decreased when the ad-hoc array derived phases are in-470

corporated into the earthquake relocation (I-I’).471

The cross sections shown in Figure 13 also demonstrate the limited effect includ-472

ing S and sS has on earthquake relocations. This is largely due to the relatively small473
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D D’C C’ I I’

Figure 13. Example cross sections showing slab features, and differences between the earth-

quake catalogues determined using only the ISC reported phases (top), the ISC catalogue aug-

mented with P and S coda picks (middle), and ISC catalogue augmented with only the P coda

picks (bottom). Note that P coda picks refers to P, pP and sP, and S coda picks refers to S and

sS. Horizontal and depth error bars are plotted per earthquake, and are often within the symbol

diameter. Slab2 is plotted as a solid black line and Slab 1.0 is plotted as the dotted black line for

comparison. Cross section locations shown in Figure 12.

number of S coda phases which were converted to absolute onset times, in order to use474

them with ISCloc. Only 830 sS phases were added to the reported ISC phase catalogues,475

compared to 20,196 pP and 20,442 sP phases (see Figure 10 to compare phase additions).476

However, 229 ad-hoc array derived sS phases became time-defining for the ISCloc hypocen-477

tre solutions, this forms 49.7% of the total time-defining sS phases and indicates that478

whilst the final sS phases numbers are currently small, they are enhancing the reported479

ISC catalogue, although, the inclusion of S and sS does not currently translate to large480

depth error reductions. To demonstrate this quantitatively, the augmented catalogue us-481

ing both P and S coda arrivals, and the augmented catalogue using only the P coda phases482

have the same mean depth error reduction relative to the reported ISC catalogue (0.47483

km), and nearly the same mean residual (2.00 and 1.98 km, respectively) between the484

augmented and reported ISC earthquake depths when ad-hoc array determined phases485

are incorporated (see Figure 11 and S4).486

We compare our new catalogue to the published ISC Bulletin and NEIC catalogues487

for the region in Figure 14. The selected cross sections indicate an aseismic gap at sub-488

duction depths of <90 km in the plate between two planes of seismicity, which further489

supports the presence of a DSZ in Chile. Section G-G’ additionally displays an aseismic490

gap between approximately 380-420 km distance from the trench.491

Although hypocentre differences between the published ISC catalogue and our cat-492

alogue are small (mean depth difference 0.51 km), improvements in depth error deter-493

mination can be seen clearly for two earthquakes closest to the trench on section E-E’494

and for the deepest earthquake on section G-G’, where the published ISC catalogue has495

failed to determine a depth error due to insufficient depth resolution and our augmented496

catalogue has succeeded. However, the ISC published catalogue does demonstrate smaller497

depth errors by a mean of 0.3 km than our unsupervised ISCloc results (see Figure S12).498

This demonstrates the value of human seismic analysts during the relocation process.499
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E E’ G G’

Figure 14. Example cross sections showing the difference between the augmented ISC cata-

logue from this study (top), published ISC earthquake catalogue (middle), and published NEIC

catalogue (bottom). Horizontal and depth error bars are plotted per earthquake, they are often

within the symbol diameter. Slab2 is plotted as a solid black line and Slab 1.0 is plotted as the

dotted black line. cross section location shown in Figure 12. Red square shows location of Mw

7.7 Tarapacá earthquake (Section 3.3).

The NEIC catalogue generally demonstrates a larger scatter in seismicity, larger500

seismogenic thickness, and larger depth errors than both our and the published ISC cat-501

alogues, where independently determined earthquake depths are indicating more discrete,502

linear slab features. The mean depth difference between the NEIC published catalogue503

and our augmented ISC catalogue is 1.95 km (see Figure S13), and our catalogue reduces504

depth error by a mean of 0.93 km, whilst demonstrating a maximum reduction of 5 km.505

All example cross sections indicated on the map in Figure 12 can be seen in the supple-506

mentary material with both the ISCloc comparison and published catalogue compari-507

son versions.508

It is also worth noting that published slab interfaces (Slab 1.0 and Slab2) seem to509

not fit the indicated slab behaviour from the new catalogue. For distances greater than510

400 km from the trench, both the Slab 1.0 (Hayes et al., 2012) and Slab2 models (Hayes511

et al., 2018) indicate that subducting slab thicknesses of up to 50 km exist between the512

slab interface and the intermediate-depth earthquakes (Figures 13 and 14). Given that513

oceanic crust thickness is typically approximated to be 7 km, and intra-slab earthquakes514

occur in the slab crust and/or upper mantle (Abers et al., 2013), a slab thickness greater515

than 20 km (Wang, 2002) above an intra-slab earthquake implies a poorly fitting slab516

interface model. The slab interface needs to be deepened with respect to distance from517

the slab to prevent interpretation of overly thick down-going slabs.518
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(b) (d)

(a) (c)

Figure 15. Zoomed-in E-E’ (a) and G-G’ (c) cross sections of the northern Chilean subduct-

ing slab, showing the augmented ISC catalogue (blue circles) and Sippl et al. (2018) catalogue

(small grey circles) seismicity from the trench to 300 km inland, with seismogenic slab (SS) ap-

proximations for each catalogue. Slab 1.0 (Hayes et al., 2012) and Slab2 models (Hayes et al.,

2018) shown in dotted and solid black, respectively. Histograms showing slab normal distribu-

tions of the augmented ISC and Sippl et al. (2018) catalogues for the E-E’ (b) and G-G’ (d) cross

sections. Figure 12 shows the location of the sections on a map of the SASZ.

3.2.1 Structure of the Wadati-Benioff Zone in northern Chile519

We use the resultant high resolution earthquake catalogue to investigate the struc-520

ture of the Wadati-Benioff zone (Wadati, 1935; Benioff, 1949) in northern Chile, where521

a double seismogenic zone has been previously proposed by both Sippl et al. (2018) and522

Florez and Prieto (2019). Two Chilean cross sections (Figure 14) using the new earth-523

quake catalogue qualitatively support the presence of a double seismic zone, when con-524

sidered in tandem with local microseismicity data (Sippl et al., 2018). Using these cross525

sections, we interpret a broad convergence zone where the planes cannot be resolved, which526

ranges from approximately 100–160 km in depth. This corroborates the previously hy-527

pothesised 80–120 km deep convergence depth for this latitude of the Nazca subduct-528

ing slab using microseismicity observations (Sippl et al., 2018, 2023), and the 142.1 km529

±8 km convergence depth found using relatively relocated teleseismic data (Florez & Pri-530

eto, 2019) and ak135 (Kennett et al., 1995). Variation between our augmented catalogue531

depths and the Sippl et al. (2018) catalogue is expected since our dataset is derived us-532

ing a different velocity model, and therefore will suffer a translational offset in depth rel-533

ative to the microseismicity catalogue.534

To quantitatively investigate the presence of a double seismogenic zone we follow535

the work of Brudzinski et al. (2007), who use slab normal hypocentre locations above536

the point of double seismogenic zone convergence to determine if a two-layer, bimodal537

distribution exists. Figure 15 (a) and (b) show sections E-E’ and G-G’ with both the aug-538
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mented catalogue earthquake hypocentres and the local Sippl microseismicity catalogue539

(Sippl et al., 2018), and their lines of best fit. The lines of best fit are subsequently used540

to correct the earthquake depths relative to the seismogenic slab geometry, and find the541

slab normal distribution of the hypocentres – shown in (b) and (d). The Sippl et al. (2018)542

catalogue here is limited to earthquakes categorised as either lower plane, upper plane543

or plate interface classes, in order to avoid loss of resolution from earthquakes which are544

not thought to form the double seismogenic zone. We note that these earthquake cat-545

egories, on the cross sections we inspect, end at approximately 230 km from the trench546

where plane convergence is expected, we therefore also limit the augmented ISC cata-547

logue and calculate the linear lines of best fit only for earthquakes within 230 km of the548

trench.549

From these, we demonstrate an incipient bimodal distribution in both cross sec-550

tions from the Sippl et al. (2018) dataset, with a 20-30 km seismogenic gap apparent,551

although the lower plane seismicity is underdeveloped relative to the upper plane for both.552

The augmented ISC catalogue shows a weaker bimodal distribution in Figure 15b, with553

a more strongly defined lower plane and an approximately 20 km seismogenic gap. Whereas554

section G-G’ on Figure 15d lacks enough earthquakes to define a confident histogram,555

yet still hints at bimodal distribution when considered in conjunction with the Sippl et556

al. (2018) catalogue slab normal distributions, despite offsets in both sections due to the557

use of different velocity models.558

Whilst individually the augmented, high resolution catalogue results are not con-559

clusive enough to determine a double seismogenic zone, we believe that their results cor-560

roborate the presence of two planes seen in the microseismic data. Our findings reflect561

the resolution of the global catalogue determined histograms in Brudzinski et al. (2007),562

where maximum frequencies of 15 or 16 earthquakes define the north east Japanese dou-563

ble seismic zone with an approximately 30 km aseismic gap. The confidence in the global564

catalogue observed double seismic zones is increased when compared to the histogram565

resulting from the local catalogue (with maximum frequencies of 182 earthquakes), sim-566

ilarly to our comparison to the Sippl et al. (2018) catalogue histograms.567

The Brudzinski et al. (2007) approach allows us to assess the likely presence of a568

double seismogenic zone, however to characterise the geometry and plane seismicity to569

a greater degree of accuracy using teleseismic datasets, the approach of Florez and Pri-570

eto (2019) could be reproduced. Their use of relative relocation, following the double dif-571

ference methodology, to define their earthquake catalogue allows the hypocentres to align572

along a coherent slab geometry. Thus enabling further analysis, such as investigating the573

controls upon the width of the aseismic gap and depth of double seismic plane conver-574

gence. For northern Chile, Florez and Prieto (2019) determine an 11.1-11.7 ±4 km wide575

average aseismic gap, these values indicate that our slab-corrected augmented ISC cat-576

alogue and histogram driven results lack the precision to resolve a high accuracy mea-577

surement and likely mask a smaller aseismic gap. To continue research into the Chilean578

double seismogenic zone, we believe relative relocation of the earthquake hypocentres579

is necessary to enhance the prevalent slab geometries and ascertain higher degrees of ac-580

curacy.581

3.3 Comparison with finite-fault studies of major earthquakes582

A number of large magnitude earthquakes have occurred at intermediate-depths583

along the SASZ. From these two stand out – the Mw 8.0 Peruvian earthquake on 26th584

May 2019 and Mw 7.7 Tarapacá earthquake on 13th June 2005. Although both earth-585

quakes exceed the maximum magnitude at which we apply the approach developed in586

this paper, the rupture kinematics of these earthquakes have been studied in detail us-587

ing a combination of back-projection imaging, finite fault modelling and waveform in-588
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Figure 16. Example cross sections B-B’ and E-E’ showing the 2019 Mw 8.0 Peruvian earth-

quake (a) and 2005 Mw 7.7 Tarapacá earthquake (b) as red squares, alongside the augmented

ISC catalogue (blue circles) and Sippl et al. (2018) catalogue (small grey circles) seismicity (only

b/d). (c) and (d) show the earthquakes present in the zoomed-in boxes on (a) and (b), coloured

by distance from the cross section and shown as circles if the earthquake pre-dates the major

earthquake, or squares if it post-dates. Major earthquakes are marked by red-outlined squares,

with the ISC hypocentres (International Seismological Centre, 2024) shown as white crosses and

the USGS hypocentres (which are used for the finite fault models) indicated by white circles.

Finite fault models from Zeng et al. (2025) are shown on (c) for earthquakes with Mw ≥ 7.5, and

the Hayes (2017) finite fault model is shown on (d) for the Tarapacá earthquake. All finite fault

models display the maximum slip along the fault plane, projected onto the cross sections. Slab

1.0 (Hayes et al., 2012) and Slab2 models (Hayes et al., 2018) shown in dotted and solid black,

respectively. Figure 12 shows the location of the sections on a map of the SASZ.

version (Peyrat et al., 2006; Delouis & Legrand, 2007; Kuge et al., 2010; Liu & Yao, 2020;589

Ye et al., 2020).590

3.3.1 Mw 7.7 Tarapacá earthquake591

The 2005 Mw 7.7 Tarapacá earthquake occurred in the upper double seismic zone592

of northern Chile. Finite-fault studies of this earthquake using combined seismic and geode-593

tic data conclusively show that it ruptured on a sub-horizontal, west-dipping plane, in594

an orientation consistent with the reactivation of faults from the outer rise (Peyrat et595

al., 2006; Delouis & Legrand, 2007). The earthquake was followed by a strong aftershock596

sequence (defined here as earthquakes post dating the mainshock). Many of the after-597

shocks have been relocated here using our new approach. Our improved hypocentres for598

moderate-magnitude seismicity delineate a clear sub-horizontal plane of seismicity in the599

source region of the Tarapacá earthquake, spanning roughly the same spatial extent as600

the down-dip width of the best available finite fault model from the USGS (Hayes, 2017).601

The USGS finite fault model is nucleated on the hypocentre from the NEIC PDE (white602

diagonal line, Figure 16), which is ∼ 13.5 km further west than the ISC located hypocen-603

tre. Applying a similar shift to the entire finite fault model would result in a close match604

between the extent and orientation of the finite fault model and the aftershock cloud.605
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The aftershocks perhaps suggest a slightly shallower dip than used in the finite fault in-606

version. In this case, it is clear that the Mw 7.7 earthquake ruptured the full width of607

the upper seismic zone, which hosts the vast majority of seismicity with mb > 4.7, and608

perhaps extended further into the aseismic region separating double seismic zones than609

is usually seen. However, it did not reach the lower seismic zone, which at these depths610

is only really apparent thanks to the dense microseismic networks available in northern611

Chile.612

3.3.2 Mw 8.0 Peruvian earthquake613

The 2019 Mw 8.0 intraslab earthquake beneath Peru has been well studied (e.g.,614

Hu et al., 2021; Vallée et al., 2023; Zeng et al., 2025). In Figure 16c, we show the finite615

fault models of Zeng et al. (2025) for comparison with our relocated moderate-magnitude616

seismicity, with the furthest east being the 2019 Mw8.0 earthquake.617

In contrast to the more productive aftershock sequence of the Tarapacá earthquake,618

the Peruvian earthquake had very few aftershocks, in keeping with most intermediate-619

depth earthquakes (e.g., Wimpenny et al., 2023), with no clear fault plane delineated.620

Luo et al. (2023) suggest that this earthquake ruptured through both seismic zones, as621

determined by Brudzinski et al. (2007). However, our relocations in this region remain622

insufficient to clearly distinguish a separation into two double seismic zones. Whilst we623

lack the resolution to separate the earthquake population into distinct seismic zones, the624

depth-extent of rupture (Zeng et al., 2025) is similar to the depth range over which we625

see moderate-magnitude seismicity distributed in our relocations.626

The hypocentre location and mechanism of this earthquake (down-dip normal-faulting)627

suggest that it likely locates at, or near, the point of rebending at the downdip end of628

the Peruvian flat slab. However, it is more plausibly situated in the initial part of the629

bend – where the upper section of the plate is accumulating curvature – rather than the630

‘unbending’ section, where the upper plane is instead in downdip compression (e.g., Craig631

et al., 2022; Sippl et al., 2022). Alongside the broad region of moderate-magnitude seis-632

micity slightly further up dip, this suggests that the termination of the Peruvian flat slab633

is likely to be slightly further east than currently incorporated in slab models (Hayes et634

al., 2018). Figure 16c also shows finite fault rupture models for other Mw ≥ 7.5 earth-635

quakes in the Peruvian flat slab region, from Zeng et al. (2025). The rupture extent of636

these earthquake fits with the seismogenic width of the slab indicated by our relocated637

moderate-magnitude seismicity, indicating that our refined teleseismic hypocentres are638

now appropriately imaging the seismogenic structure of the slab, suitable of use in con-639

straining maximum magnitudes for seismic hazard.640

4 Deep focus earthquakes641

As described in Section 2, our approach is designed for the relocation of intermediate-642

depth earthquakes (Blackwell et al., 2024), and has been shown in Section 3 to increase643

the resolution of continental-scale earthquake catalogues. Given the relatively low num-644

bers of deep focus earthquakes in the SASZ, and their capacity to enhance the overall645

understanding of the region, we test the limits of our methodology and additionally re-646

locate these earthquakes.647

Using the same time period and parameters in Section 2.1, except with a new search648

depth of 350-700 km, we find 48 candidate earthquakes in the ISC catalogue. 24 earth-649

quakes were successfully relocated, from the array processing stages through to the re-650

location using ISCloc, with 20 earthquakes failing to pass the ad-hoc array quality con-651

trol criteria or have detected phases, and 4 earthquakes failing during the step to timeshift652

the picked phases to absolute onset times. The addition of ad-hoc determined phases has653

decreased the mean depth error by 0.15 km (see Figure S14) when compared to the re-654
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Figure 17. Example Z and T component ad-hoc arrays, their automatic picks and differential

times between phases for the deep mb 6.0 earthquake which occurred on 6th August 2022 in east-

ern Brazil. (a) and (b) are the vespagram and optimum beam respectively for the Z component

ad-hoc array located 88.9◦ from the earthquake, whilst (c) and d) are the vespagram and beam

for the T component ad-hoc array located 61.5◦ from the earthquake. Blue vertical lines indicate

the time window of data used for automatic picking.

ported ISC catalogue (relocated using ISCloc and the reported ISC phases, without any655

additional phases).656

Figure 17 demonstrates the approach on an example mb 6.0, deep (619.2 km ac-657

cording to the ISC) earthquake from 6th August 2022. 105 ad-hoc arrays with 1728 sta-658

tions were created from a total of 2400 available teleseismic stations, resulting in 52 P,659

52 pP, 17 sP, 1 S and 1 sS absolute onset picks. From inspection of this and other ex-660

amples, we believe that the approach works well on deep focus earthquakes and there-661

fore, we include them in our final relocated catalogue. Figure 18 demonstrates the re-662

located intermediate-depth and deep focus earthquake catalogues for the SASZ, with an663

example cross section. The cross section clearly shows the need for a deeper slab model664

with respect to distance from the subduction trench, and allows a more comprehensive665

understanding of slab geometry inland. Crucially, the ability to successfully use array666

processing on deep focus earthquakes, and detect small amplitude phases, opens up op-667

portunity to expand our application of adaptive ad-hoc arrays to a broader range of earth-668

quakes.669

5 Conclusion670

The ISCloc intermediate-depth earthquake relocations (solved for hypocentral lat-671

itude, longitude, depth and earthquake origin time) based upon the augmented ISC phase672

catalogue (ISC reported phases with additional automatically-derived P, pP, sP, S and673

sS arrivals) for the South American Subduction Zone show a decrease in depth error for674

88.8% of earthquakes in our catalogue, and therefore a refinement in hypocentral depths.675

Significant improvements are particularly evident when comparing previous catalogue676
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Ci

C’i

(a) (b)

Figure 18. Map with Slab2 contours (Hayes et al., 2018) (a) and example cross section (b)

of the final SASZ intermediate-depth and deep focus earthquake catalogues. (b) shows the dif-

ference between the augmented ISC catalogue from this study (top), published ISC earthquake

catalogue (middle), and published NEIC catalogue (bottom). Horizontal and depth error bars

are plotted per earthquake, they are often within the symbol diameter. Slab2 is plotted as a solid

black line and Slab 1.0 is plotted as the dotted black line. Red squares show hypocentres of the

Mw 7.7 Tarapacá earthquake and Mw 8.0 Peruvian earthquake (Section 3.3).
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relocations based on ad-hoc arrays (Blackwell et al., 2024) to those enhanced by ISCloc,677

owing to its incorporation of bounce point and elevation corrections, and its simultane-678

ous inversion for hypocentre latitude, longitude, and depth. It is clear that automati-679

cally determined phase arrivals, from array processed teleseismic data, are a useful re-680

source to the wider community to improve earthquake locations and depths, and enhance681

interpretation. The greatest limitation of the presented approach is the conversion of the682

ad-hoc array determined amplitude picks to absolute phase onset times. We suggest an683

alternative method involving machine learning for this conversion, which could be used684

in future applications.685

We use our new earthquake catalogue to investigate the Wadati-Benioff zone in north-686

ern Chile. We find that despite the improvements in depth resolution, our teleseismic687

earthquake catalogue cannot independently verify the presence of a double seismogenic688

zone in northern Chile, without reference to the local microseismicity catalogue created689

by Sippl et al. (2018). We additionally consider two major earthquakes from the South690

American Subduction Zone – Mw 7.7 Tarapacá earthquake and Mw 8.0 Peruvian earth-691

quake – and evaluate their aftershocks (which have been relocated by our approach) rel-692

ative to their finite fault models (Hayes, 2017; Zeng et al., 2025). Our high-resolution693

earthquake hypocentres reveal a well-defined sub-horizontal plane of seismicity in the source694

region of the Tarapacá earthquake, extending across approximately the same down-dip695

width as that of the USGS finite fault model (Hayes, 2017) yet at a shallower dip. In con-696

trast, our catalogue shows few aftershocks of the Peruvian earthquake and does not re-697

veal an associated plane. However, the finite fault model and its proximity to a broad698

region of seismicity up-dip suggests that the earthquake is a consequence of early slab699

rebending. This indicates that the distal bend of the Peruvian flat slab exists eastwards700

of existing slab models.701

Finally, we test our approach by also relocating deep focus earthquakes associated702

with the SASZ, in order to comprehensively understand the geometry of the subduct-703

ing Nazca plate. These earthquakes demonstrate a mean depth error reduction of 0.15704

km, further validating the findings from the relocated intermediate-depth earthquake cat-705

alogue that ad-hoc array determined depth phases improve the depth resolution of tele-706

seismic earthquake catalogues.707
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Gaël Varoquaux Bertrand Thirion Vincent Dubourg Alexandre Passos869

PEDREGOSA, VAROQUAUX, GRAMFORT ET AL. Matthieu Perrot.870

Journal of Machine Learning Research, 12 , 2825–2830. Retrieved from871

http://scikit-learn.sourceforge.net.872

Peyrat, S., Campos, J., de Chabalier, J., Perez, A., Bonvalot, S., Bouin, M. P., . . .873
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1 Figures

(a) (b)

(c) (d)

Figure S1. Plot of the residual between the slowness corrected, median ISC reported direct

P arrival for an ad-hoc array and (a) the onset approximation using back-stepping from the peak

to below a noise threshold, (b) the onset approximation using the intersection of the envelope

with a horizontal line projected at 0.9 of the P peak height, (c) the onset approximation using

two lines, and (d) the ad-hoc array determined peak amplitude pick. The plots demonstrate the

inconsistency in using a geometric phase onset determination, and show that these are typically

1-3.5 seconds early compared to the slowness corrected, median ISC reported direct P arrival.

(d) also shows that the mode difference between the amplitude pick and the ISC onset pick is

0.87 seconds for the data. These are calculated for the Peruvian and northern Chilean catalogues

presented in Blackwell et al. (2024), and the histograms are calculated at a 0.01 resolution.
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(a) (b) (c)

Figure S2. Change in depth error between the reported and augmented ISC catalogue results

versus horizontal error ellipse reduction (a), the number of time-defining phases added by the

ad-hoc arrays in the augmented ISC results (b), and magnitude (c). Scatter points are coloured

by the percentage increase in time-defining depth phases. Events which did not have new time-

defining phases from the augmented ISC input are not plotted.
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(a)

(c)

(b)

(d)

Figure S3. Probability density functions for the depth errors in the augmented ISC catalogue

results, and change in depth error when compared to the reported ISC results. When ad-hoc

arrays add more time-defining pP than sP phases to an event, or vice versa (a and b), and when

ad-hoc arrays add a larger proportion of pP (relative to the number of time-defining pP phases)

than sP (relative to the number of time-defining sP phases) phases to the event catalogue, and

vice versa (c and d). Events which did not have new time-defining phases from the augmented

ISC input are not plotted.
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(a)

(c)

(b)

(d)

Figure S4. Comparison of depth and depth error between the reported ISC and the aug-

mented ISC inputs without S coda picks when applying ISCloc. (a) and (b) show the depth and

depth error change when additional ad-hoc array phases are included. Both plots are coloured by

number of additional time-defining phases, and (a) also has orange outlines for events which had

fixed depths prior to the addition of phases. (c) and (d) are histograms showing the residual be-

tween the reported ISC and augmented ISC depths and depth errors respectively. (c) has orange

bars indicating residual in depth when the fixed events are included. Events which did not have

new time-defining phases from the augmented ISC input are not plotted.
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(a)
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Figure S12. Comparison of depth and depth error between the published ISC and augmented

ISC inputs when applying ISCloc. (a) and (b) show the depth and depth error change when

additional ad-hoc array phases are included. Both plots are coloured by number of additional

time-defining phases, and (a) also has orange outlines for events which had fixed depths prior to

the addition of phases. (c) and (d) are histograms showing the residual between the reported ISC

and augmented ISC depths and depth errors respectively. (c) has orange bars indicating residual

in depth when the fixed events are included. Events which did not have new time-defining phases

from the augmented ISC input are not plotted.
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Figure S13. Comparison of depth and depth error between the published NEIC and aug-

mented ISC inputs when applying ISCloc. (a) and (b) show the depth and depth error change

when additional ad-hoc array phases are included. Both plots are coloured by number of addi-

tional time-defining phases, and (a) also has orange outlines for events which had fixed depths

prior to the addition of phases. (c) and (d) are histograms showing the residual between the

reported ISC and augmented ISC depths and depth errors respectively. (c) has orange bars in-

dicating residual in depth when the fixed events are included. Events which did not have new

time-defining phases from the augmented ISC input are not plotted.
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Figure S14. Comparison of depth and depth error between the reported ISC and augmented

ISC inputs when applying ISCloc to deep focus events. (a) and (b) show the depth and depth

error change when additional ad-hoc array phases are included. Both plots are coloured by num-

ber of additional time-defining phases, and (a) also has orange outlines for events which had fixed

depths prior to the addition of phases. (c) and (d) are histograms showing the residual between

the reported ISC and augmented ISC depths and depth errors respectively. (c) has orange bars

indicating residual in depth when the fixed events are included. Events which did not have new

time-defining phases from the augmented ISC input are not plotted.
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