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S U M M A R Y 

Accurate earthquake hypocentres are fundamental to a wide range of geophysical studies, 
yet source depth remains poorly constrained in teleseismic earthquake catalogues. Near 
source surface reflections such as pP , sP and sS (known as depth phases) provide critical 
information for resolving hypocentral depth, particularly for intermediate-depth earth- 
quakes. The number of depth phases reported by global earthquake monitoring agencies 
has declined significantly in recent decades, potentially reducing the precision of resolved 

earthquake depths. To address this, we automatically detect P , pP , sP , S and sS phase ar- 
rivals using teleseismic ad-hoc arrays. We detect these phases for earthquakes in the South 

American Subduction Zone (SASZ) at depths of 40–350 km and between mb 4.7 to 6.5. The 
identified phases are integrated with the phases reported to the ISC Bulletin, and used to 

relocate earthquakes with ISCloc. We assess the impact of incorporating automatically de- 
tected, ad-hoc array-derived depth phases on earthquake relocations across the SASZ, and 

find an improvement in depth resolution for 88.8 per cent of earthquakes. Using this en- 
hanced catalogue we investigate the structure of the Wadati–Benioff zone, focusing on two 

significant earthquakes: the 2005 Mw 

7.7 Tarapacá and 2019 Mw 

8.0 Peru events. Finally, 
we successfully apply our methodology to deep focus earthquakes (350–700 km), which 

further define the deepest portion of the seismogenic slab. Our results demonstrate the 
potential for automatically detected, ad-hoc array-derived depth phases to substantially 

improve the accuracy of teleseismic earthquake hypocentres, and offer further constraint 
upon slab geometry and seismogenic structure. 

Key words: earthquake monitoring and test-ban treaty verification; earthquake 
parametrization; Earthquake source observations. 

1

T  

s  

f  

t  

e
a  

q
f  

s  

r  

c  

a  

w  

e  

o
 

f  

w  

i  

s  

r  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/246/1/ggag083/8501215 by guest on 18 M

ay 2026
 INTRODUCTION  

he accurate location of earthquakes using globally distributed
eismic data underpins a wide range of solid-Earth geophysics,
rom seismic hazards assessment to nuclear security, regional
ectonics to global-scale tomographic imaging. The depth of an
arthquake is generally the least well determined dimension of 
n earthquake hypocentre, particularly when locating an earth-
uake using teleseismic (i.e. seismic phases recorded 30◦–90 ◦
rom the source) phases. This can be mitigated by using near-
ource surface reflections arriving at a station shortly after their
elated direct arrival (e.g. pP and sP in the coda of P , sS in the
C© The Author(s) 2026. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution Licens
which permits unrestricted reuse, distribution, and reproduction in any mediu
oda of S ), known as depth phases. This is effective due to the rel-
tive delay times between a direct arrival and the depth phases,
hich provide crucial constraints on the source depth of an

arthquake, and are largely independent of the lateral location
r origin time. 
Whilst the identification of distinct depth phases is difficult

or earthquakes at shallow depth due to overlap and interference
ith the direct phase, for earthquakes deeper than ∼25 km the

ncorporation of a significant number of depth phases can re-
ult in high-precision depths and therefore improved hypocentre
esolution. This is further complemented by the vast data cover-
ge offered by routinely operating seismic stations around the
oyal Astronomical Society. This is an Open Access
e (https://creativecommons.org/licenses/by/4.0/),
m, provided the original work is properly cited. 1
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world, which opens up the potential to expand high-precision 

earthquake relocation to unprecedented regions and scales. The 
increasing coverage of seismic data combined with the detec- 
tion and application of depth phases can help to enhance our 
understanding of the intermediate-depth and deep focus seis- 
micity, typically associated with subduction, and therefore the 
evolution of subducted slabs as they descend into the mantle. 

In the last two decades the number of depth phases reported 

from global seismic monitoring agencies to the International 
Seismological Centre (ISC), which is responsible for collecting 
and preparing the definitive summary of world seismicity, has 
substantially decreased. This is likely due to the technical dif- 
ficulty of picking depth phases coupled with limited picking 
resources at data centres. Consequently, the number of depth 

phases used in ISC relocations has dropped from ∼8000–17 000 
to ∼4000–7000 per month (Fig. 1 ). The difficulties associated 

with depth phase picking also mean that not all depth phase 
readings are reliable, and the reduction in reported depth phases 
potentially increases the impact of erroneously reported depth 

phases. Without the incorporation of reliable depth phases 
(typically from two or more independent sources), teleseismic 
hypocentres of relatively deep earthquakes ( ≥25 km) will have 
reduced depth resolution, leading to increased uncertainty in 

the other location parameters (lateral location and origin time). 
Therefore, there has been increased motivation to pick depth 

phases, either manually or automatically, to backfill the lack 

of reported depth phases and improve their earthquake reloca- 
tions. 

A. Blackwell et al. ( 2024 ) developed a new approach build- 
ing on the work of M. Florez & G. Prieto ( 2017 ) to leverage the 
growing density of routinely operating seismic stations, where 
the waveforms are openly accessible. This approach relies on as- 
sembling and processing ad-hoc arrays to increase the signal-to- 
noise ratio of the phases (J. Ward et al. 2023 ), and automatically 
picking the beams derived from these ad-hoc arrays for P , pP 

and sP arrivals expressly to improve depth determination in Peru 

and northern Chile. The approach of A. Blackwell et al. ( 2024 ) 
does not account for 3-D variations in earthquake location and 

depth, nor does it incorporate depth phase bounce point correc- 
tions when determining earthquake depth. These are significant 
assumptions to apply to regions in South America, given the lo- 
cal Andean mountain range and associated crustal geometries 
(T. Craig 2019 ), as is the assumption (common in teleseismic 
studies) that lateral location is unchanged when re-determining 
hypocentre depth. We can account for these assumptions by in- 
tegrating the increased observational data available, using the 
approach outlined in A. Blackwell et al. ( 2024 ), with a more com- 
prehensive location procedure, such as the ISC relocation algo- 
rithm, ISCloc (I. Bondár & D. Storchak 2011 ). ISCloc calculates 
the earthquakes latitude, longitude, origin time and depth as 
well as determining the uncertainty in these parameters through 

an iterative linearized inversion. Traveltimes are calculated us- 
ing the ak135 1-D global velocity model (B. Kennett et al. 1995 ) 
and depth phase bounce point corrections are calculated from 

a 0.5 degree resolution topography (E. Engdahl et al. 1998 ; I. 
Bondár & D. Storchak 2011 ). 

In this paper, we test the impact of adding automatically de- 
rived depth phases to the wider set of seismic phases reported 

in the ISC Bulletin, using an expansive data set encompassing 
the South American Subduction Zone (SASZ) and the ISCloc lo- 
cation algorithm. We show an improvement in the depth reso- 
lution of both the previous catalogue reported by A. Blackwell 
et al. ( 2024 ) and the ISC Bulletin in the region, demonstrating 
the benefits of augmenting a phase catalogue with ad-hoc ar- 
ray determined depth phases. Furthermore, we also investigate 
the impact of the newly relocated earthquakes upon the current 
understanding of the Wadati–Benioff zone (K. Wadati 1935 ; H. 
Benioff 1949 ) in northern Chile, the 2005 Mw 7.7 Tarapacá and 

2019 Mw 8.0 Peruvian earthquakes. As part of this work, we ex- 
tend the approach of A. Blackwell et al. ( 2024 ) to accommodate 
transverse-component ad-hoc array data for the detection of the 
direct S wave and its principal depth phase, sS , and further apply 
this method to relocate deeper earthquakes. 

1.1 South American Subduction Zone (SASZ) 

At the SASZ margin the Nazca and South American plates con- 
verge, as the Nazca plate subducts eastwards beneath South 

America. The margin extends from approximately 6 ◦S to 45 ◦S 
in latitude, with the plates converging at ∼5.6–6 cm yr−1 in the 
direction of ∼81–83 ◦N (R. Trenkamp et al. 2002 ). This encour- 
ages increasingly oblique convergence north of Chile, where the 
subduction trench curves westward (E. Rodríguez et al. 2024 ). 
The downgoing Nazca plate in the SASZ has a number of bathy- 
metric features (Fig. 2 ) which are thought to influence seismic- 
ity and slab geometry in the region, such as fracture zones and 

ridges (N. Espurt et al. 2008 ; S. Bilek 2010 ; Y. Gao et al. 2021 ), 
and two named flat slab sections – the Peruvian and Pampean 

flat slabs (N. Flament et al. 2015 ). The margin also has asso- 
ciated arc volcanism; the locations of the Holocene volcanoes 
are illustrated in Fig. 2 By extending the approach of A. Black- 
well et al. ( 2024 ) to include the entire SASZ, and incorporating 
new phases ( S and sS ), we aim to generate catalogues which can 

be used to assess further links between seismicity and the back- 
ground geodynamic setting. In the later stages of this work, we 
consider the implications of the revised seismicity catalogue on 

our understanding of the geometry and dynamics of the Wadati–
Benioff zone and subducted plate, as well as for understanding 
the seismic activity in areas which hosted large-magnitude in- 
traslab earthquakes (the 2005 Tarapacá and 2019 northern Peru 

earthquakes). 

2  EART HQUAKE  R E LOC AT I O N  W I T H  I S C LO C  

We build upon and apply the methodology documented in A. 
Blackwell et al. ( 2024 ), to determine arrival times for teleseismic 
P , pP , sP , S and sS phases from array processed data. This aims to 
boost the signal-to-noise ratios of typically very small amplitude 
arrivals, relative to what is possible with a single seismic station. 
The arrays are assembled for each earthquake from the avail- 
able teleseismic stations using unsupervised machine learning 
and are used for phase detection (further detail can be found in 

Section 2.3 ). We then combined these ad-hoc array determined 

arrivals with previously reported phase arrivals (archived at the 
ISC) and use the combined data set to relocate earthquakes using 
ISCloc (I. Bondár & D. Storchak 2011 ) (which solves for earth- 
quake latitude, longitude, depth and origin time). We begin with 

an initial earthquake hypocentre catalogue for the SASZ—the 
selection of which is described in Section 2.1 —which we aim to 
refine by increasing the number of depth phases available for 
hypocentre determination. We will demonstrate the methodol- 
ogy with an example earthquake ( mb 6.0 from 2016 July 25, lo- 
cated in Chile) to illustrate the ad-hoc array processing and anal- 
ysis steps. 
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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 earth- 
quake 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. 
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.1 Initial catalogue 

he approach we have developed looks to refine intermediate-
epth earthquake hypocentres which have already been deter-
ined by an external agency. For our initial SASZ earthquake

atalogue, we take all earthquakes recorded in the ISC catalogue
long the South American Subduction Zone from 1995 January
 to 2024 September 9, with depths of 40–350 km. In keeping
ith the conclusions of A. Blackwell et al. ( 2024 ), we do not con-

ider earthquakes shallower than 40 km, as the direct and depth
hases are likely to overlap, and we limit the magnitudes for
hich we attempt relocation to mb 4.7–6.5. We find 2877 events
ithin these search criteria (Fig. 2 ), which are the events that

re considered for our relocation approach outlined below. 

.2 Data processing 

or each earthquake in the initial catalogue taken from the ISC
see Section 2.1 ), all available BH ∗ or HH ∗ channel teleseismic
ata (recorded between 30◦ and 90 ◦ epicentral distance), and
heir metadata, are downloaded from open access FDSN servers
sing ObspyDMT (K. Hosseini & K. Sigloch 2017 ). These data
re then pre-processed to prepare for the array-based approach
iscussed in Section 2.3 . 
We discard traces with gaps or missing data, and rotate hori-

ontal components into the N and E orientations (if they are not
lready), using the component orientation stored in the meta-
ata. The instrument responses are then deconvolved from the
aveforms, and waveform data are converted to velocity, lin-

arly de-trended, demeaned, have a 5 per cent end taper applied,
andpass filtered, are resampled to 10 Hz and are normalized
o their peak absolute amplitude. Data for Z-component and 3-
omponent data are processed differently since they are used for
he analysis of P wave (and depth phases) and S -wave (and depth
hases), respectively. The different approaches are shown in the
wo processing boxes in Fig. 3 The bandpass filter applied also
epends on the component. Z-component data are filtered be-
ween 0.1 and 1.0 Hz, whilst horizontal component data are fil-

ered between 0.03 and 0.2 Hz. For the duration of the seismic p
ata processing, the Z components and horizontal components
re handled independently, with horizontal components for a
tation only being processed if the station has 3-component data.
ig. 3 summarizes the data processing workflow. 

.3 Detecting P , pP , sP , S and sS picks using adaptive 
d-hoc arrays 

o determine the P , pP , sP , S and sS phases, used to refine the
arthquake hypocentres (see Section 2.5 ), array processing is
pplied to boost the phase signal-to-noise ratios for automatic
icking. A summary workflow of the array processing steps and
hase identification is shown in Fig. 4 

.3.1 Creating ad-hoc arrays 

or an earthquake with pre-processed Z-component seismic
ata, stations are grouped into ad-hoc arrays using a combina-
ion of DBSCAN clustering (M. Ester et al. 1996 ) and Ball-Tree
earest neighbour algorithms (F. Pedregosa et al. 2011 ; J. Ward
t al. 2023 ; A. Blackwell et al. 2024 ). The DBSCAN algorithm
earches for sufficiently dense station distributions to form ar-
ays with at least 10 stations within a 2.5 ◦ aperture, and iden-
ifies a central core station per array. Array aperture is deter-

ined by the longest wavelength of interest which determines
he minimum size of the array at which it operates and is fre-
uency dependent (here 0.1 to 1 Hz for P waves and 0.03 to
.2 Hz for S waves) (S. Rost & C. Thomas 2002 ; A. Blackwell
t al. 2024 ). The nearest neighbour algorithm selects the stations
ithin the aperture of each core station to generate ad-hoc ar-

ays. For the example earthquake, which occurred on 25th July
016 in Chile at (26.1551 ◦S, 70.4548 ◦W), there are 1789 stations
ith processed Z-component data, which are clustered into 88
d-hoc arrays containing 1229 of the available stations (Fig. 5 ).
herefore, there are 560 stations with Z-component data which
ere not incorporated into an ad-hoc array—these stations are

ocated too sparsely to generate an array which fits the density
arameter. 
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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 (G. Zandt et al. 1994 ; N. 
Espurt et al. 2008 ; S. Bilek 2010 ; N. Flament et al. 2015 ). 
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To process P coda arrivals (hereby referring to P , pP and sP ) 
the Z-component seismic data are arranged into ad-hoc arrays. 
For targeting S coda arrivals (hereby referring to S and sS , S coda 
processing is optional throughout this workflow), the available 
3-component stations are assembled into the same ad-hoc ar- 
rays defined for P coda arrivals. Typically there are fewer sta- 
tions available within an ad-hoc array which have data available 
for all 3 components, this can cause a number of 3-component 
ad-hoc arrays to have less than the required 10 stations or no 
stations at all. For the SASZ, 285 213 ad-hoc arrays are gener- 
ated for the entire initial catalogue using Z-component data, and 
only 89 024 ad-hoc arrays with 10 or more stations are re-created 

using 3-component data (31.2 per cent). For the example earth- 
quake from 2016 July 25, there are 88 ad-hoc arrays created from 

the Z-component data, with only 72 from the 3-component data. 
Despite the reduction in ad-hoc array quantity, designing the S 

coda workflow to be dependent upon the P coda workflow sig- 
nificantly simplifies the approach. 

As Fig. 5 demonstrates, array-construction at teleseismic dis- 
tances for South America is heavily dominated by the density of 
instruments available in North America, Europe (for events in 

the northern half of the SASZ) and Central America (for events 
in the southern two-thirds of the SASZ), supplemented by sparse 
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Figure 5. Example of the ad-hoc array creation process for a mb 6.0 
earthquake from 2016 July 25 located in Chile, showing a global distribu- 
tion of teleseismic stations with processed Z components and the subse- 
quent 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 trian- 
gles. 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) (A. 
Dziewonski et al. 1981 ; G. Ekström et al. 2012 ). 
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arrays in Antarctica, Africa and New Zealand. This leads to a rel- 
atively narrow azimuthal distribution of ad-hoc arrays. Whilst 
the dominance of northern azimuths for the SASZ is clear, the 
uneven distribution of global instrumentation at the required 

densities (typically limited to continental regions, and for Open 

Access data, dominated by North America, Europe, Oceania and 

East Asia) remains true for most regions of active seismicity. 

2.3.2 Determining best-fitting backazimuth and slowness 

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

take advantage of array processing to boost the signal-to-noise 
ratios of the small-amplitude depth phases pP , sP and sS ). For 
both the Z-only and 3-component versions of each ad-hoc ar- 
ray, the best-fitting backazimuth and slowness for the P and S 

waves are found directly from the station data by beampack- 
ing the arrivals (A. Blackwell et al. 2024 ). The Z-component ad- 
hoc array data are trimmed around the ak135 (B. Kennett et al. 
1995 ) modelled P arrival, and beamformed with a range of test 
slownesses ( ±0.04 s km−1 in intervals of 0.001 s km−1 ) and back- 
azimuths ( ±15◦ in 1 ◦ intervals) centred on the ray-theoretical 
values from using ray tracing (H. Crotwell et al. 1999 ). The back- 
azimuth and slowness which result in the largest amplitude 
beam are selected as the best-fitting slowness vector values. The 
best-fitting slowness/backazimuth from the main phases ( P / S ) 
are used to form the beam for further analysis. We find that the 
depth phases show similar slowness/backazimuth deviations to 
the main phases (Fig. 8 ). The small slowness difference between 

main phase and depth phase are within the slowness resolution 

of the ad-hoc arrays. 
For a 3-component ad-hoc array, the best-fitting backazimuth 

found from the Z-component data is used to rotate the horizon- 
tal components into radial and transverse orientations. If the 
Z-component ad-hoc array fails to provide a beampack deter- 
mined backazimuth, the theoretical backazimuth based on the 
initial catalogue hypocentre is used instead. Given that the ap- 
proach intends to pick S and sS , the transverse (T) component is 
taken forward for further analysis. The best-fitting slowness and 

backazimuth are searched for using the same beampacking ap- 
proach applied to the Z-component data. However this time the 
T-component data is trimmed to include the ak135 (B. Kennett 
et al. 1995 ) modelled S arrival, and the test ranges straddle the 
expected S wave slowness and backazimuth. 

Fig. 6 shows examples of the beampacking parameter search 

to extract the best-fitting slowness and backazimuth values for 
both P and S waves (filled red circles on a and d), and their 
resultant beams (c and f), for the same ad-hoc array. A com- 
parison to the expected values is additionally provided (hol- 
low red circle on a and d), and the beams they construct (b 
and e). We find that using slowness/backazimuth values mea- 
sured through the array processing improve the quality, espe- 
cially the signal-to-noise ratio and waveform geometry of the ar- 
ray stacked beam over those generated using the ray-theoretical 
values based on source–receiver combination and a 1-D velocity 
model. The slowness vector (or slowness/backazimuth) differ- 
ences are likely due to near-receiver velocity structure. The im- 
proved beam suppresses incoherent noise more effectively and 

improves our ability to automatically pick the main- and depth- 
phases from the improved beams. 

2.3.3 Data quality control 

We apply two data quality tests to ensure that only ad-hoc arrays 
with clear, coherent arrivals are considered for automatic pick- 
ing. Our automatic picking routine (Section 2.3.4 ) relies upon 

fourth order phase weighted beams (M. Schimmel & H. Paulssen 

1997 ) for phase detection, we therefore also use phase weighted 

beams during our quality control tests to ensure continuity be- 
tween the two processes. 

We first compare each trace in the ad-hoc array to the resultant 
optimum, phase weighted beam (created with the beampack de- 
termined slowness and backazimuth) using cross-correlation. 
Any trace which has a cross-correlation coefficient less than 0.3 
or which requires a time-shift greater than 0.5 s to align the trace 
to the beam, is discarded (A. Blackwell et al. 2024 ). If the ad-hoc 
array has less than eight traces after this test, the ad-hoc array 
is removed from further analysis. If the ad-hoc array has eight 
traces or more, the ad-hoc array analysis begins again, to re- 
determine the best-fitting slowness and backazimuth from the 
remaining traces, using the beampacking routine. 

Secondly, we assess the coherency of the arrivals in the ad- 
hoc array data by considering their slowness vespagram. Fourth 

order phase weighted vespagram beams are constructed using 
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Figure 6. P - and S -wave amplitudes during beamforming in polar coordinates (backazimuth and slowness) to determine the best-fitting 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 2016 July 25, ad-hoc array at 75.1 ◦ epicentral distance. 
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he same test slowness range used during the beampacking rou-
ine, and the beampack-determined backazimuth. On the resul-
ant normalized vespagram, any peaks greater than 0.6 of the
argest amplitude peak are selected, categorized into clusters us-
ng DBSCAN (M. Ester et al. 1996 ), and the cluster centres are
xtracted. These cluster centres are expected to represent the P or
 coda arrivals for the Z and T-component ad-hoc arrays, respec-
ively, and therefore, are expected to align along the beampack-
etermined slowness. If the clusters are prominent at an unex-
ected slowness on the vespagram, that is an indication that the
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Figure 7. Example of the automatic picking threshold found for an ad-hoc array at an epicentral distance of 75.1 ◦ from the mb 6.0 earthquake on 2016 
July 25. 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) components. Threshold relative to the envelope of the phase-weighted beam for the Z 

(b) and T (d) components. 
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ad-hoc array is too complex or poor quality to automatically pick. 
A set of criteria from A. Blackwell et al. ( 2024 ) are used to iden- 
tify poor quality vespagrams. Specifically if the mean slowness 
is within 0.006 s km−1 of the expected beampack-determined 

slowness and the standard deviation of the cluster centres is 
< 0.0105 s km−1 , then the ad-hoc array passes the quality thresh- 
old. If these criteria are failed on either grounds, the ad-hoc ar- 
ray is discarded. Examples of different quality vespagrams are 
shown in Supplementary Fig. S1 . 

These quality control tests are separately applied to the Z and 

T-component ad-hoc arrays for a given earthquake. However, 
for the T-component ad-hoc array to be processed and analysed, 
the equivalent Z-component ad-hoc array must have passed the 
quality standards set. Furthermore, since the T-component ad- 
hoc arrays are arranged suboptimally to match those created 

with the Z-component data, and often have a reduced number 
of traces per ad-hoc array (hence a 68.8 per cent reduction in ad- 
hoc arrays with more than 10 stations), the T-component ad-hoc 
arrays are more likely to be discarded by the quality control tests. 

2.3.4 Automatic phase detection and identification 

After the quality control routines have been applied, the ad-hoc 
array is eligible to be automatically picked using a threshold- 
based approach. We detect phases using the envelope of the 
normalized optimum, phase weighted beam. To pick the arrival 
times of the main and depth phases we apply the threshold ap- 
proach by A. Blackwell et al. ( 2024 ). Onsets are characterized 

by rapid amplitude increases of the coherent phases. We find 

the onset of the arrival from the onset of the amplitude increase 
by approximating the pre- and post-increase linear slopes and 

determining their intersect. Comparison with manual picking 
shows good correlation between the two methods. Other ap- 
proaches have been tested (A. Blackwell et al. 2024 ). The dy- 
namic threshold for a given ad-hoc array beam is determined 

from the distribution of amplitudes in the envelope by approx- 
imating the percentile (and thus, amplitude) after which larger 
amplitudes represent significant signal (Fig. 7 ). Peaks which ex- 
ist above this dynamic threshold, and have a prominence greater 
than 0.15 of the maximum peak found in the beam are selected 

as candidates for our phases. For phase detection the beam for 
the ad-hoc array is trimmed to only include the expected phases, 
using arrival times determined through the ak135 1-D Earth 

model (B. Kennett et al. 1995 ) (e.g. 98 per cent of the modelled P 

arrival time to 102 per cent of the modelled sP arrival, for picking 
the P coda). 

These candidates are subsequently passed to a phase detec- 
tion routine to determine the most likely depth phases. For the P 

wave and its coda, we use a selection routine designed to identify 
one, two or three peaks (for P , pP and sP ) from the Z-component 
data, based on maximizing the likelihood that a set of peaks rep- 
resents a coherent set of relative phase times (we outline this 
approach in detail in A. Blackwell et al. 2024 ). For the more sim- 
ple case of S and its coda, as we are working with T-component 
data, we avoid any ambiguity in the identity of a depth phase de- 
tected, as there is only one depth phase ( sS ). We therefore iden- 
tify the most likely pair of peaks for S and sS based on compar- 
ison with relative arrival times for ak135 modelled arrivals (B. 
Kennett et al. 1995 ). The best-fitting sets of P and S coda peaks 
are selected as the final phase picks (note that P and S candidate 
peaks are independently assessed, Fig. 8 ), however if multiple 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
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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 2016 July 25 in Chile. (a) and (b) are the vespagram and optimum beam respectively 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. 
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rios or pairs of phases are appropriate for the phases, the largest
ombined amplitude sets are selected. Equally if a suitable trio
f P , pP and sP picks is not found, pairs of P and pP or P and sP
re searched for instead. If there are no pairs found from the Z
r T-component data candidate picks, no phases are detected. 
Each ad-hoc array for a given earthquake is analysed as de-

cribed in this section (Section 2.3 ), with each Z-component
d-hoc array processed and analysed before the equivalent T-
omponent data. Fig. 9 illustrates the success rate for the
016 July 25 earthquake, by showing which ad-hoc arrays pro-
uced phase picks for both the Z and T-component data. The
-component data generated 88 ad-hoc arrays, resulting in 73
icked ad-hoc arrays (this could be P and either pP or sP , or all
 phases). Whilst the T-component data provided 72 ad-hoc ar-
ays, using the previously defined Z-component ad-hoc arrays,
nd 57 of those provided picks (both S and sS ). The T-component
orkflow suffers from a greater loss of data, due to the current

equirement to construct the same ad-hoc arrays used for the
-component data, and link their processing to the success of 

he equivalent Z-component ad-hoc array. 

.4 Converting amplitude picks to onset times 

reviously A. Blackwell et al. ( 2024 ) used the relative timing of 
 -wave coda arrivals determined from the ad-hoc arrays to di-
ectly determine earthquake depth. The picking approach em-
loyed is designed to select the amplitude maxima of the phases,
s opposed to the phase onsets. This improves the ability to au-
omatically and consistently pick phases, and proved sufficient
or using the relative arrival times of the phases to determine
arthquake depth. However, integrating the ad-hoc array-
bserved phases with phases reported by the ISC Bulletin, in
reparation for relocation with ISCloc, requires us to correct the
mplitude picks to absolute onset arrival times, rather than us-
ng relative arrival times. 

For simplicity, we use P -wave arrivals reported to the ISC to
nform our required time-shift. We therefore developed an ap-
roach to extract the stations with time-defining (hypocentre
efining) P phases reported for a given earthquake from the ISC
ulletin. We associate the stations with the ad-hoc arrays, slow-
ess correct the phases to the geometric centre of the ad-hoc ar-
ays and calculate the median P onset time (when there are mul-
iple) for a given ad-hoc array. The difference between the ISC
atalogue derived P arrival time and the P amplitude pick from
he ad-hoc array data is determined and used as the time-shift
orrection for the pP and sP phases. The ISC catalogue derived
 arrival is used as the corrected P onset time. 
This approach means that if there is not a P arrival reported

y a station within an ad-hoc array, that ad-hoc array’s picks
annot be corrected and thus used. This is a common occur-
ence for earthquakes after 2022 at time of writing, as the ISC
eview process runs about 23–24 months behind real time. We
herefore choose to only include earthquakes from 1995-2022
o achieve a stable data set and the best possible results. Our
ests on the previously relocated intermediate-depth earthquake
atalogues derived for Peru and northern Chile (A. Blackwell
t al. 2024 ), when removing earthquakes from > 2022, indicate
hat 25.5 per cent (8815 out of 34 598) of all ad-hoc arrays fail
ue to a lack of reported P arrivals. This converts into a loss of 
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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 2016 July 25 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) (A. Dziewonski et al. 1981 ; G. Ekström et al. 2012 ). 
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11.6 per cent earthquakes, where there are no P arrivals within 

the aperture of any of the ad-hoc arrays reported in the ISC cat- 
alogue, with a mean magnitude of mb 4.99. We feel that the fail- 
ure rates are manageable given the large initial data set, and note 
that our catalogue will likely have a higher magnitude of com- 
pleteness than originally intended. 

We extend this methodology to the S -wave coda picks, using 
exactly the same approach, except ISC reported S arrivals are 
slowness corrected and used to convert the amplitude-based S 

and sS picks to onset times. Both corrections are limited by the 
availability of direct P and S arrivals within a given ad-hoc ar- 
ray aperture, with S coda arrivals rarely being converted as a re- 
sult. The example earthquake from the 2016 July 25 only had 

28.7 per cent of ad-hoc arrays with S coda picks fail to be con- 
verted. However, 92.5 per cent of all candidate T-component ad- 
hoc arrays with picks for the SASZ fail as they have too few re- 
ported direct S -wave arrivals, resulting in 80.0 per cent of earth- 
quakes with S coda picks without a single converted phase. For 
comparison, only 25.0 per cent of Z-component ad-hoc arrays 
with picks fail to be converted to absolute time, which translates 
to 22.2 per cent of earthquakes. This illuminates an emerging is- 
sue with the low numbers of S waves reported by global seismic 
monitoring agencies. 

We find a modal average delta of 0.87 s between the ISC de- 
rived P arrival and the ad-hoc array derived P amplitude pick, 
using the ad-hoc arrays from the Peruvian and north Chilean 

relocated catalogues from A. Blackwell et al. ( 2024 ) ( Fig. S1d ). To 
utilize the ad-hoc arrays without a recorded P arrival, it might be 
possible to use the mode to correct the ad-hoc array phases to on- 
set times. Alternatively there is the possibility to use a machine 
learning picker to backfill ad-hoc arrays missing a recorded P 

onset. For this paper, we limit our onset correction to the use of 
the manually reviewed ISC catalogue P phases to ensure high 

quality results. 

2.5 Set up and application of ISCloc 

The online ISC Bulletin is dynamic, with the possibility of hav- 
ing new phases reported and added for a given earthquake af- 
ter an ISC hypocentre is determined. In order to appropriately 
quantify the impact that adding ad-hoc array derived depth 

phases has on earthquake hypocentres, we run ISCloc twice, 
once with the phases currently reported for an earthquake in 

the ISC Bulletin, and once with the ISC reported phases plus 
the onset corrected ad-hoc array picks for P , pP , sP , S and sS , 
to ensure a fair comparison between the relocation outputs. We 
exclude ISC reported phases which are observed over 120 ◦ away 
from the ISCloc inputs to avoid complications with core depth 

phases, and we apply a linear inversion approach which seeds 
on the published ISC hypocentre. In line with I. Bondár & D. 
Storchak ( 2011 ), we require a minimum of five depth phases to 
secure depth resolution, and the ability to search/iterate without 
a fixed initial depth. This criterion is important since the addi- 
tion of ad-hoc array phases could make the difference between 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
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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 five depth phases. 
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n earthquake being located with a fixed, grid defined depth
r not, or even from having a robust hypocentre determined
t all. 

 C ATALO G U E  ANALYSIS  AND  

N T E R P R ETAT I O N  

.1 Assessing the impact of automatically derived depth 

hases 

n this section we will compare the results from ISCloc when in-
utting the phases reported in the ISC Bulletin, versus the same

nput plus the ad-hoc array determined onsets for P , pP , sP , S and
S , for each earthquake. Henceforth, we refer to the online ISC
ulletin phases as the reported ISC inputs, and the ISC reported
hases with the ad-hoc array phases will be referred to as the
ugmented ISC inputs. The aim is to assess how the addition of 
utomatically derived depth phases affects both the hypocentre
f a given earthquake and the error statistics. 
A total of 1694 earthquakes have been augmented with

8 075 additional ad-hoc array derived phases, which provide a
0.0 per cent increase in the total number of depth phases used.
7.0 per cent of these depth phases can be fitted within a small
nough time residual to inform the relocation. For a phase to
e considered by ISCloc, the traveltime residual must be less
han four times the expected standard deviation, so for depth
hases this is less than or equal to 5.2 s (I. Bondár & D. Stor-
hak 2011 ). If the traveltime residual is within this range it is
onsidered time defining and therefore informs the earthquake
ypocentre, potentially improving the depth resolution (Fig. 10 ).
he percentage of depth phases used to define the hypocentres is

ow suggesting that ISCloc acts as another quality control upon
he depth phases, only allowing picks which agree with the de-
ermined epicentre to influence the inversion. Figs 10 (a) and (b)
lso illustrate that the earthquakes with lower numbers of depth
hases experience the greatest impact from the addition of ad-
oc array derived phases, as the numbers of (particularly time-
efining) phases can increase by more than 100 per cent, thus
llowing greater depth resolution during the earthquake reloca-
ion. We will assess the value of the ad-hoc array phase additions
n terms of hypocentre location and depth, the associated errors
nd the relation to earthquake magnitude in this section. 
As a result of the incorporated ad-hoc array derived phases,
here are 1057 earthquakes in the new SASZ intermediate-depth
arthquake catalogue with free hypocentre solutions. For the
arthquakes which were not relocated, most (784) fail to be re-
ocated due to a lack of P and S picks reported in the ISC Bul-
etin, which are required to convert the amplitude picks to onset
imes. This is especially true for 2023/2024 earthquakes which
re not currently considered for conversion (255 earthquakes
ith picks). An alternative independent method of reporting di-

ect arrivals is needed to improve this in the future, potentially
aking use of machine learning seismic picking techniques (J.
ünchmeyer et al. 2024 ). 79 earthquakes also have had their

umber of depth phases increased to more than 5, which al-
ows ISCloc to solve for depth (assuming 5 depth phases are time
efining) when ad-hoc array determined phases are incorpo-
ated. The addition of ad-hoc determined phases has decreased
he mean depth error by 0.47 km (see Fig. 11 ) when compared
o the reported ISC catalogue (relocated using ISCloc and the re-
orted ISC phases, without any additional phases), with depth
rror reductions for 939 (88.8 per cent) of the 1057 earthquakes.
Depth errors are also unchanged for 68 earthquakes

6.4 per cent), increase for 15 earthquakes (1.4 per cent)
nd are newly determined for 34 (3.2 per cent) earthquakes
hich now have a resolved depth due to the incorporation of 
d-hoc array determined depth phases (i.e. taking them over the
hreshold value of 5 defining depth phases). The distribution of 
d-hoc arrays is variable but is typically dominated by ad-hoc
rrays in North America and Europe due to the available station
ensity and the epi-central distance constraints. Success rate of 

ndividual ad-hoc arrays depends on local conditions (e.g. noise)
nd is difficult to predict. Due to these limitations, azimuthal
overage of additional depth phases is variable, but inclusion
f a few depth-determining phases into ISCLoc can increase
he number of events with determined depth in the relocated
atalogue. The earthquakes which have newly resolved depths
ave an average magnitude of mb 5.1, average depth of 86.8 km
nd their epicentres are distributed across the entire SASZ.
he few earthquakes with increased error using the augmented

SC catalogue input are typically caused by the additional
ime-defining phases producing large time residual misfits to
he final hypocentre. Given our depth errors can increase when
n earthquake has new input phases, it could be suggested that
he errors defined for earthquakes are overly optimistic and
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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 indicating 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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need to be increased to align with our error observations in the 
future. 

We additionally note that a reduction in depth error is strongly 
correlated with the percentage increase in time-defining depth 

phases, which is largely a function of earthquake magnitude, 
and not necessarily related to an absolute number of addi- 
tional phases ( Figs S2b and c ). Lower magnitude earthquakes 
are more likely to experience a greater percentage increase in 

time-defining depth phases, which translates to a greater re- 
duction in depth error. Therefore augmenting the catalogue 
with ad-hoc array derived phases has a greater impact upon 

the relocations of earthquakes with low numbers of time- 
defining depth phases, which tend to be low magnitude earth- 
quakes. 

We also consider horizontal error reduction by calculating the 
area of the horizontal error ellipse, and note that the addition 
of ad-hoc array phases minimally influences the horizontal er- 
ror, with a mean reduction of 1.95 km 

2 . Despite this, some out- 
liers exist where the horizontal error significantly decreased—
notably there is an earthquake showing a reduction of 144 km 

2 . 
Further inspection of these examples shows that time-defining 
sP additions with small time residuals allow significant horizon- 
tal error reduction when few depth phases exist in the ISC re- 
ported catalogue, and the hypocentre was already poorly con- 
strained; the example with the 144 km 

2 reduction had an initial 
horizontal error area of > 800 km 

2 . This suggests that improve- 
ment of horizontal and depth error is more sensitive to added sP 

than pP phases. 
We test the sensitivity of depth error reduction to the addi- 

tion of pP versus sP (see Fig. S3 ). We find that a greater abso- 
lute number and proportion of sP phase additions compared 

to pP phase additions lowers the depth error for earthquakes 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
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y a mode of 0.14 and 0.71 km, respectively. It is clear that a
eduction in depth error benefits from a larger number of sP
hases, likely due to the low numbers in the reported ISC cat-
logue compared to the number of reported pP phases. The
reater impact of sP phases on the depth resolution may also be
ecause a shift in depth will have a greater effect on the relative
iming of the sP phase due to the s leg of the sP phase travelling
lower than the ‘p’ leg of pP. 

.2 Continental-scale application—South American 

ubduction Zone 

he previous section has shown that a proportional increase
n P , pP , sP , S and sS phases—determined through ad-hoc
rrays—decreases the number of earthquakes where depth is
efined from a pre-determined grid (fixed), decreases depth er-
or in 88.8 per cent of earthquakes and that sP phase additions
nfluence the reduction in depth error to a greater extent than
P . Whilst the reductions are typically small (mean reduction
f 0.47 km), slight improvements in depth resolution across an
arthquake catalogue can allow updates in the interpretation of 
 seismogenic region. 
Fig. 12 shows the new intermediate-depth earthquake cata-

ogue for the SASZ, determined with the augmented ISC phase
atalogues and ISCloc, with example cross-sections highlighted
see supplementary material for figures showing all of the exam-
le cross-sections, and a map of depth change between the re-
orted and augmented ISC catalogues ( Fig. S12 )]. Cross-sections
–C’, D–D’ and I–I’ (Fig. 13 ) illustrate the differences between

he earthquake hypocentres with and without the ad-hoc ar-
ay determined phases, and when the phase catalogues are only
ugmented with the P coda picks. They also show previously
dentified features along the SASZ, including the Peruvian flat
lab (D. Portner & G. Hayes 2018 ) and Pucallpa nest (C–C’) (L.

agner & E. Okal 2019 ; D. Sandiford et al. 2020 ), the transition
rom flat to normally dipping slab in northern Chile (D–D’) (L.
e et al. 2020 ), the geometry of the Pampean flat slab (N. Fla-
ent et al. 2015 ) and how the apparent seismogenic slab thick-

ess can be decreased when the ad-hoc array derived phases are
ncorporated into the earthquake relocation (I–I’). 

The cross-sections shown in Fig. 13 also demonstrate the lim-
ted effect including S and sS has on earthquake relocations. This
s largely due to the relatively small number of S coda phases
hich were converted to absolute onset times, in order to use

hem with ISCloc. Only 830 sS phases were added to the re-
orted ISC phase catalogues, compared to 20 196 pP and 20 442
P phases (see Fig. 10 to compare phase additions). However,
29 ad-hoc array derived sS phases became time-defining for
he ISCloc hypocentre solutions, this forms 49.7 per cent of the
otal time-defining sS phases and indicates that whilst the fi-
al sS phases numbers are currently small, they are enhancing

he reported ISC catalogue, although, the inclusion of S and sS
oes not currently translate to large depth error reductions. To
emonstrate this quantitatively, the augmented catalogue using
oth P and S coda arrivals, and the augmented catalogue using
nly the P coda phases have the same mean depth error reduc-
ion relative to the reported ISC catalogue (0.47 km), and nearly
he same mean residual (2.00 and 1.98 km, respectively) between
he augmented and reported ISC earthquake depths when ad-
oc array determined phases are incorporated (see Figs 11 and
4 ). 
We compare our new catalogue to the published ISC Bul-
etin and NEIC catalogues for the region in Fig. 14 The selected
ross-sections indicate an aseismic gap at subduction depths of 
 90 km in the plate between two planes of seismicity, which fur-

her supports the presence of a DSZ in Chile. Section G–G’ ad-
itionally displays an aseismic gap between approximately 380–
20 km distance from the trench. 
Although hypocentre differences between the published ISC

atalogue and our catalogue are small (mean depth difference
.51 km), improvements in depth error determination can be
een clearly for two earthquakes closest to the trench on sec-
ion E–E’ and for the deepest earthquake on section G–G’, where
he published ISC catalogue has failed to determine a depth er-
or due to insufficient depth resolution and our augmented cata-
ogue has succeeded. However, the ISC published catalogue does
emonstrate smaller depth errors by a mean of 0.3 km than our
nsupervised ISCloc results (see Fig. S14 ). This demonstrates

he value of human seismic analysts during the relocation pro-
ess. 
The NEIC catalogue generally demonstrates a larger scatter in

eismicity, larger seismogenic thickness and larger depth errors
han both our and the published ISC catalogues, where indepen-
ently determined earthquake depths are indicating more dis-
rete, linear slab features. The mean depth difference between
he NEIC published catalogue and our augmented ISC catalogue
s 1.95 km (see Fig. S15 ), and our catalogue reduces depth error
y a mean of 0.93 km, whilst demonstrating a maximum reduc-
ion of 5 km. All example cross-sections indicated on the map
n Fig. 12 can be seen in the supplementary material with both
he ISCloc comparison and published catalogue comparison ver-
ions. 
It is also worth noting that published slab interfaces (Slab 1.0

nd Slab2) seem not to fit the indicated slab behaviour from
he new catalogue. For distances greater than 400 km from the
rench, both the Slab 1.0 (G. Hayes et al. 2012 ) and Slab2 mod-
ls (G. Hayes et al. 2018 ) indicate that subducting slab thick-
esses of up to 50 km exist between the slab interface and the

ntermediate-depth earthquakes (Figs 13 and 14 ). Given that
ceanic crust thickness is typically approximated to be 7 km, and
ntraslab earthquakes occur in the slab crust and/or upper man-
le (G. Abers et al. 2013 ), a separation of over 20 km between
he proposed interface above an intraslab earthquake implies a
oorly fitting slab interface model ( Fig. S13 ; (K. Wang 2002 )). In
uch cases, the slab interface needs to be deepened, bringing it
nto line with high-accuracy intraslab seismicity, to prevent in-
erpretation of an overly thick aseismic top to the slabs. 

.2.1 Structure of the Wadati–Benioff Zone in northern Chile 

e use the resultant high resolution earthquake catalogue to in-
estigate the structure of the Wadati–Benioff zone (K. Wadati
935 ; H. Benioff 1949 ) in northern Chile, where a double seis-
ogenic zone has been previously proposed by both C. Sippl

t al. ( 2018 ) and M. Florez & G. Prieto ( 2019 ). Two Chilean cross-
ections (Fig. 14 ) using the new earthquake catalogue qualita-
ively support the presence of a double seismic zone, when con-
idered in tandem with local microseismicity data (C. Sippl et al.
018 ). Using these cross-sections, we interpret a broad conver-
ence zone where the planes cannot be resolved, which ranges
rom approximately 100–160 km in depth. This corroborates the
reviously hypothesized 80–120 km deep convergence depth for

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
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Figure 12. Map of the relocated intermediate-depth earthquakes (a), using the ISC augmented phase catalogues (which include ad-hoc array deter- 
mined P , pP , sP , S and sS phases), with Slab2 contours (G. 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 ). 
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this latitude of the Nazca subducting slab using microseismic- 
ity observations (C. Sippl et al. 2018 , 2023 ), and the 142.1 ±8 km 

convergence depth found using relatively relocated teleseismic 
data (M. Florez & G. Prieto 2019 ) and ak135 (B. Kennett et al. 
1995 ). Variation between our augmented catalogue depths and 

the C. Sippl et al. ( 2018 ) catalogue is expected since our data set is 
derived using a different velocity model, and therefore will suf- 
fer a translational offset in depth relative to the microseismicity 
catalogue. 
To quantitatively investigate the presence of a double seismo- 
genic zone we follow the work of M. Brudzinski et al. ( 2007 ), 
who use slab normal hypocentre locations above the point of 
double seismogenic zone convergence to determine if a two- 
layer, bimodal distribution exists. Figs 15 (a) and (b) show sec- 
tions E–E’ and G–G’ with both the augmented catalogue earth- 
quake hypocentres and the local Sippl microseismicity catalogue 
(C. Sippl et al. 2018 ), and their lines of best fit. The lines of best fit 
are subsequently used to correct the earthquake depths relative 
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D D’C C’ I I’

Figure 13. Example cross-sections showing slab features, and differences between the earthquake catalogues determined using only the ISC reported 
phases (top), the ISC catalogue augmented 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 Fig. 12 
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o the seismogenic slab geometry, and find the slab normal dis-
ribution of the hypocentres–shown in (b) and (d). The C. Sippl
t al. ( 2018 ) catalogue here is limited to earthquakes categorized
s either lower plane, upper plane or plate interface classes, in
rder to avoid loss of resolution from earthquakes which are not
hought to form the double seismogenic zone. We note that these
arthquake categories, on the cross-sections we inspect, end at
pproximately 230 km from the trench where plane convergence
s expected, we therefore also limit the augmented ISC catalogue
nd calculate the linear lines of best fit only for earthquakes
ithin 230 km of the trench. 
From these, we demonstrate an incipient bimodal distribution

n both cross-sections from the C. Sippl et al. ( 2018 ) data set, with
 20–30 km seismogenic gap apparent, although the lower plane
eismicity is underdeveloped relative to the upper plane for both.
he augmented ISC catalogue shows a weaker bimodal distribu-

ion in Fig. 15 (b), with a more strongly defined lower plane and
n approximately 20 km seismogenic gap. Whereas section G–

G’ on Fig. 15 (d) lacks enough earthquakes to define a confident
istogram, yet still hints at bimodal distribution when consid-
red in conjunction with the C. Sippl et al. ( 2018 ) catalogue slab
ormal distributions, despite offsets in both sections due to the
se of different velocity models. 
Whilst individually the augmented, high resolution catalogue

esults are not conclusive enough to determine a double seis-
ogenic zone, we believe that their results corroborate the pres-

nce of two planes seen in the microseismic data. Our findings
eflect the resolution of the global catalogue determined his-
ograms in M. Brudzinski et al. ( 2007 ), where maximum fre-
uencies of 15 or 16 earthquakes define the north east Japanese
ouble seismic zone with an approximately 30 km aseismic gap.
he confidence in the global catalogue observed double seis-
ic zones is increased when compared to the histogram result-

ng from the local catalogue (with maximum frequencies of 182
arthquakes), similarly to our comparison to the C. Sippl et al.
 2018 ) catalogue histograms. 

The M. Brudzinski et al. ( 2007 ) approach allows us to assess
he likely presence of a double seismogenic zone, however to
haracterize the geometry and plane seismicity to a greater de-
ree of accuracy using teleseismic data sets, the approach of M.
lorez & G. Prieto ( 2019 ) could be reproduced. Their use of rel-
tive relocation, following the double difference methodology,
o define their earthquake catalogue allows the hypocentres to
lign along a coherent slab geometry, and enables further anal-
sis, such as investigating the controls upon the width of the
seismic gap and depth of double seismic plane convergence.
or northern Chile, M. Florez & G. Prieto ( 2019 ) determine an
1.1–11.7 ±4 km wide average aseismic gap, these values indi-
ate that our slab-corrected augmented ISC catalogue and his-
ogram driven results lack the precision to resolve a high accu-
acy measurement and likely mask a smaller aseismic gap. To
ontinue research into the Chilean double seismogenic zone, we
elieve relative relocation of the earthquake hypocentres is nec-
ssary to enhance the prevalent slab geometries and ascertain
igher degrees of accuracy. 

.3 Comparison with finite-fault studies of major 
arthquakes 

 number of large magnitude earthquakes have occurred at
ntermediate-depths along the SASZ. From these two stand out–
he Mw 8.0 Peruvian earthquake on 2019 May 26 and Mw 7.7
arapacá earthquake on 2005 June 13. Although both earth-
uakes exceed the maximum magnitude at which we apply the
pproach developed in this paper, the rupture kinematics of 
hese earthquakes have been studied in detail using a combina-
ion of backprojection imaging, finite fault modelling and wave-
orm inversion (S. Peyrat et al. 2006 ; B. Delouis & D. Legrand
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Figure 14. Example cross-sections showing the difference 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. Cross-section location shown in Fig. 12 Red square 
shows location of Mw 7.7 Tarapacá earthquake (Section 3.3 ). 
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2007 ; K. Kuge et al. 2010 ; L. Ye et al. 2020 ; W. Liu & H. Yao
2020 ). 

3.3.1 Mw 7.7 Tarapacá earthquake 

The 2005 Mw 7.7 Tarapacá earthquake occurred in the upper 
plane of the double seismic zone of northern Chile. Finite-fault 
studies of this earthquake using combined seismic and geodetic 
data conclusively show that it ruptured on a subhorizontal, west- 
dipping plane, in an orientation consistent with the reactivation 

of faults from the outer rise (S. Peyrat et al. 2006 ; B. Delouis 
& D. Legrand 2007 ). The earthquake was followed by a strong 
aftershock sequence (defined here as earthquakes post dating 
the main shock). Many of the aftershocks have been relocated 

here using our new approach. Our improved hypocentres for 
moderate-magnitude seismicity delineate a clear subhorizontal 
plane of seismicity in the source region of the Tarapacá earth- 
quake, spanning roughly the same spatial extent as the downdip 

width of the best available finite fault model from the USGS (G. 
Hayes 2017 ). The USGS finite fault model is nucleated on the 
hypocentre from the NEIC PDE (white diagonal line, Fig. 16 ), 
which is ∼ 13.5 km further west than the ISC located hypocen- 
tre. Applying a similar shift to the entire finite fault model would 

result in a close match between the extent and orientation of the 
finite fault model and the aftershock cloud. The aftershocks per- 
haps suggest a slightly shallower dip than used in the finite fault 
inversion. In this case, it is clear that the Mw 7.7 earthquake rup- 
tured the full width of the upper seismic zone, which hosts the 
vast majority of seismicity with mb > 4 . 7 , and perhaps extended 

further into the aseismic region separating double seismic zones 
than is usually seen. However, it did not reach the lower seismic 
zone, which at these depths is only really apparent thanks to the 
dense microseismic networks available in northern Chile. 

3.3.2 Mw 8.0 Peruvian earthquake 

The 2019 Mw 8.0 intraslab earthquake beneath Peru has been 

well studied (e.g., Y. Hu et al. 2021 ; M. Vallée et al. 2023 ; L. 
Zeng et al. 2025 ). In Fig. 16 (c), we show the finite fault mod- 
els of L. Zeng et al. ( 2025 ) for comparison with our relocated 

moderate-magnitude seismicity, with the furthest east being the 
2019 Mw 8 . 0 earthquake. 
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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 subducting slab, showing the augmented ISC catalogue (blue 
circles) and C. Sippl et al. ( 2018 ) catalogue (small grey circles) seismicity from the trench to 300 km inland, with seismogenic slab (SS) approximations 
for each catalogue. Slab 1.0 (G. Hayes et al. 2012 ) and Slab2 models (G. Hayes et al. 2018 ) shown in dotted and solid black, respectively. Histograms 
showing slab normal distributions of the augmented ISC and C. Sippl et al. ( 2018 ) catalogues for the E–E’ (b) and G–G’ (d) cross-sections. Fig. 12 shows 
the location of the sections on a map of the SASZ. 
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In contrast to the more productive aftershock sequence of 
he Tarapacá earthquake, the Peruvian earthquake had very few
ftershocks, in keeping with most intermediate-depth earth-
uakes (e.g., S. Wimpenny et al. 2023 ), with no clear fault plane
elineated. H. Luo et al. ( 2023 ) suggest that this earthquake rup-
ured through both seismic zones, as determined by M. Brudzin-
ki et al. ( 2007 ). However, our relocations in this region remain
nsufficient to clearly distinguish a separation into two seismic
ones. Whilst we lack the resolution to separate the earthquake
opulation into distinct seismic zones, the depth-extent of rup-
ure (L. Zeng et al. 2025 ) is similar to the depth range over which
e see moderate-magnitude seismicity distributed in our reloca-

ions. 
The hypocentre location and mechanism of this earthquake

downdip normal-faulting) suggest that it likely locates at, or
ear, the point of rebending at the downdip end of the Peruvian
at slab. However, it is more plausibly situated in the initial part
f the bend—where the upper section of the plate is accumulat-
ng curvature—rather than the ‘unbending’ section, where the
pper plane is instead in downdip compression (e.g. C. Sippl
t al. 2022 ; T. Craig et al. 2022 ). Alongside the broad region
f moderate-magnitude seismicity slightly further up dip, this
uggests that the termination of the Peruvian flat slab is likely to
e slightly further east than currently incorporated in slab mod-
ls (G. Hayes et al. 2018 ). Fig. 16 (c) also shows finite fault rupture
odels for other Mw ≥ 7 . 5 earthquakes in the Peruvian flat slab
egion, from L. Zeng et al. ( 2025 ). The rupture extent of these
arthquake fits with the seismogenic width of the slab indicated
y our relocated moderate-magnitude seismicity, indicating that
ur refined teleseismic hypocentres are now appropriately imag-
ng the seismogenic structure of the slab, suitable of use in con-
training maximum magnitudes for seismic hazard. 

 D E E P  FOC US  EART HQUAKES  

s described in Section 2 , our approach is designed for the re-
ocation of intermediate-depth earthquakes (A. Blackwell et al.
024 ), and has been shown in Section 3 to increase the resolu-
ion of continental-scale earthquake catalogues. Given the rela-
ively low numbers of deep focus earthquakes in the SASZ, and
heir capacity to enhance the overall understanding of the re-
ion, we test the limits of our methodology and additionally re-
ocate these earthquakes. 

Using the same time period and parameters in Section 2.1 , ex-
ept with a new search depth of 350–700 km, we find 48 candi-
ate earthquakes in the ISC catalogue. 24 earthquakes were suc-
essfully relocated, from the array processing stages through to
he relocation using ISCloc, with 20 earthquakes failing to pass
he ad-hoc array quality control criteria or have detected phases
nd 4 earthquakes failing during the step to time-shift the picked
hases to absolute onset times. The addition of ad-hoc deter-
ined phases has decreased the mean depth error by 0.15 km
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Figure 16. Example cross-sections B–B’ and E–E’ showing the 2019 Mw 8.0 Peruvian earthquake (a) and 2005 Mw 7.7 Tarapacá earthquake (b) as 
red squares, alongside the augmented ISC catalogue (blue circles) and C. 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 L. Zeng et al. ( 2025 ) are shown on (c) for earthquakes with Mw ≥ 7 . 5 , and the G. 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 (G. Hayes et al. 2012 ) and Slab2 models (G. Hayes et al. 2018 ) shown in dotted and solid black, respectively. Fig. 12 shows the location of the 
sections on a map of the SASZ. 
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Figure 17. Example Z and T-component ad-hoc arrays, their automatic picks
which occurred on 2022 August 6 in eastern Brazil. (a) and (b) are the vespagr
located 88.9 ◦ from the earthquake, whilst (c) and d) are the vespagram and bea
Blue vertical lines indicate the time window of data used for automatic picking
(c)

(d)
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 and differential times between phases for the deep mb 6.0 earthquake 
am and optimum beam respectively for the Z-component ad-hoc array 
m for the T-component ad-hoc array located 61.5 ◦ from the earthquake. 
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Ci

C’i

(a) (b)

Figure 18. Map with Slab2 contours (G. Hayes et al. 2018 ) (a) and example cross-section (b) of the final SASZ intermediate-depth and deep focus 
earthquake catalogues. (b) shows the difference 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 ). 

(  

l  

a
 

d  

g  

a  

5  

t  

w  

t  

r  

l  

s  

r  

m  

C  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/246/1/ggag083/8501215 by guest on 18 M

ay 2026
see Fig. S16 ) when compared to the reported ISC catalogue (re-
ocated using ISCloc and the reported ISC phases, without any
dditional phases). 
Fig. 17 demonstrates the approach on an example mb 6.0,

eep (619.2 km according to the ISC) earthquake from 2022 Au-
ust 6. 105 ad-hoc arrays with 1728 stations were created from
 total of 2400 available teleseismic stations, resulting in 52 P ,
2 pP , 17 sP , 1 S and 1 sS absolute onset picks. From inspec-
ion of this and other examples, we believe that the approach
orks well on deep focus earthquakes and therefore, we include
hem in our final relocated catalogue. Fig. 18 demonstrates the
elocated intermediate-depth and deep focus earthquake cata-
ogues for the SASZ, with an example cross-section. The cross-
ection clearly shows the need for a deeper slab model with
espect to distance from the subduction trench, and allows a

ore comprehensive understanding of slab geometry inland.
rucially, the ability to successfully use array processing on deep

ocus earthquakes, and detect small amplitude phases, opens up

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag083#supplementary-data
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opportunity to expand our application of adaptive ad-hoc arrays 
to a broader range of earthquakes. 

5  CONCLUSION  

The ISCloc intermediate-depth earthquake relocations (solved 

for hypocentral latitude, longitude, depth and earthquake ori- 
gin time) based upon the augmented ISC phase catalogue (ISC 

reported phases with additional automatically-derived P , pP , sP , 
S and sS arrivals) for the South American Subduction Zone show 

a decrease in depth error for 88.8 per cent of earthquakes in 

our catalogue, and therefore a refinement in hypocentral depths. 
Significant improvements are particularly evident when com- 
paring previous catalogue relocations based on ad-hoc arrays 
(A. Blackwell et al. 2024 ) to those enhanced by ISCloc, owing 
to its incorporation of bounce point and elevation corrections, 
and its simultaneous inversion for hypocentre latitude, longi- 
tude and depth. It is clear that automatically determined phase 
arrivals, from array processed teleseismic data, are a useful re- 
source to the wider community to improve earthquake locations 
and depths, and enhance interpretation. The greatest limitation 

of the presented approach is the conversion of the ad-hoc array 
determined amplitude picks to absolute phase onset times. We 
suggest an alternative method involving machine learning for 
this conversion, which could be used in future applications. 

We use our new earthquake catalogue to investigate the 
Wadati–Benioff zone in northern Chile. We find that despite the 
improvements in depth resolution, our teleseismic earthquake 
catalogue cannot independently verify the presence of a double 
seismogenic zone in northern Chile, without reference to the 
local microseismicity catalogue created by C. Sippl et al. ( 2018 ). 
We additionally consider two major earthquakes from the South 

American Subduction Zone—Mw 7.7 Tarapacá earthquake and 

Mw 8.0 Peruvian earthquake—and evaluate their aftershocks 
(which have been relocated by our approach) relative to their 
finite fault models (G. Hayes 2017 ; L. Zeng et al. 2025 ). Our 
high-resolution earthquake hypocentres reveal a well-defined 

subhorizontal plane of seismicity in the source region of the 
Tarapacá earthquake, extending across approximately the same 
downdip width as that of the USGS finite fault model (G. Hayes 
2017 ) yet at a shallower dip. In contrast, our catalogue shows 
few aftershocks of the Peruvian earthquake and does not reveal 
an associated plane. However, the finite fault model and its 
proximity to a broad region of seismicity updip suggests that 
the earthquake is a consequence of early slab rebending. This 
indicates that the distal bend of the Peruvian flat slab exists 
eastwards of existing slab models. 

Finally, we test our approach by also relocating deep focus 
earthquakes associated with the SASZ, in order to comprehen- 
sively understand the geometry of the subducting Nazca plate. 
These earthquakes demonstrate a mean depth error reduction 

of 0.15 km, further validating the findings from the relocated 

intermediate-depth earthquake catalogue that ad-hoc array de- 
termined depth phases improve the depth resolution of teleseis- 
mic earthquake catalogues. 
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sc3.infp.ro , NOA at http://eida.gein.noa.gr , ORFEUS at http:// 
www.orfeus 〈 plxhyp〉 PLXHYP 〈 /plxhyp〉 eu.org , RESIF at http:// 
ws.resif .f r , SCEDC at http://service.scedc.caltech.edu , TEXNET 

at http://rtserve.beg.utexas.edu , UIB-NORSAR at http://eida.g 
eo.uib.no , and USP at http://sismo.iag.usp.br . A full list of 
seismic networks used, and their DOIs, is provided in supple- 
mentary material. Final earthquake catalogues for the South 

American Subduction Zone are provided in supplementary ma- 
terial. 

The code is available at https://github.com/AliceBlackwell/ 
Depth_Phase_Array_Analysis . 
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