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Abstract

Depth phases (near-source surface reflections, e.g. pP) are crucial for accurate determi-
nation of intermediate-depth earthquake (occurring between 60-300 km depth) locations
using global seismic data. However, detection of these phases suffers from poor signal-to-
noise ratios in the direct wave coda. To address this limitation, I developed an automated
approach to group globally-distributed stations at teleseismic distances into ad-hoc ar-
rays with apertures of 2.5°, before optimising and applying phase-weighted beamforming
techniques to each array. Resultant vespagrams allow automated picking algorithms to de-
termine P, pmP, pP, sP, S and sS arrivals, which are subsequently used to determine high
resolution event locations (using 1D and 3D approaches) and Moho depths. Improve-
ments in event location and Moho depths, from incorporating ad-hoc array-determined
phases, enhance our ability to establish subduction zone geometry, investigate the govern-
ing controls on intra-slab deformation, and analyse the rheology of the slab and mantle

wedge.

I demonstrate my approach by relocating 1046 intermediate-depth events (based upon
68,075 depth phase detections) and generating Moho depth maps (using 2965 pmP detec-
tions) on a continental-scale for the South American Subduction Zone, with the Peruvian
flat slab and northern Chile acting as validation regions. The final 3D event locations
indicate a deeper subducting slab than previously suggested, highlighting limitations in
current global slab models. In Peru, the relocated seismicity nucleates on the bounding
bends of the flat slab, indicating the influence of flexural bending in the presence of dehy-
dration embrittlement, and in-line with hydrated slab bathymetric features. In contrast,
Chilean earthquakes occur continuously along the normally subducting slab and show signs
of a double seismogenic zone, alongside other slab features. Amplitude analysis of pmP
and pP arrivals also indicates a cold, dry, isolated mantle wedge overlying the Peruvian

flat slab, which transitions into warmer, viscously coupled mantle beyond the distal bend
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and into Chile.
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array at an epicentral distance of 61.7°, whilst (c) and (d) are the vespagram

and beam for an ad-hoc array at an epicentral distance of 66.1°. Blue

vertical lines indicate the time window of data used for automatic picking.| .
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Example of the automatic picking threshold tound for an ad-hoc array at an

epicentral distance of 66.1° from the my 6.2 event on 23rd May 2010. (a) dis-
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and the final threshold found. (b) threshold relative to the phase-weighted
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Phase identification workflow for S and sS. Picks from the automatic picking

routine are sorted into phases by comparing their differential times with the

1D velocity modelled differential times for s5-5. Hexagonal boxes indicate

products from a step in the workflow, and bold text shows the final phase

selections. . . . . ..o
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Distribution of ad-hoc arrays consisting of teleseismic stations with 3-component |

data which were successfully picked for S and sS (core stations with sur-

rounding coloured triangles), for the my 6.2 23rd May 2010 Peruvian event.

A global view is shown on the bottom and and a zoom in of the ad-hoc

arrays created in the USA on the top. The core stations found from the P

wave processing are shown as thick black circles and the associated ad-hoc

array stations as coloured triangles. The unused stations are shown as grey

Ys. The earthquake focal mechanism is taken from the Global Centroid

Moment Tensor Project (GCMT) (Dziewonski et al., [1981; |[Ekstrom et al.,

DOT2)] -« o

I1

Number of depth phases (pP, sP, pwP, sP and surface reflected core phases)

defining ISC event locations against the year the event occurred (ISC, per-

sonal 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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Four methods to correct amplitude P picks to onset picks. (a) Backstep-
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amplitude pick on the envelope, and alternative coloured circles represent

the onset pick for each method. Example beam from the 2010 June 26th
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al., 2012)) and Slab2 models (Hayes et al., 2018|) shown in dashed and solid
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89

.10

Cross sections of the Chilean subducting slab with the earthquake hypocen-
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2D schematic (top) of the P, pmP and pP ray paths from an earthquake

hypocentre (star) to a teleseismic receiver (triangle), and an example ver-

tical component (bottom), phase-weighted velocity array beam from a 2.5°

aperture array located at 86.4° epicentral distance (array centre is (41.76°N,

4.99°W)) from the 8th October 2012, m; 5.9 event located at (21.80°S,
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6.2

Workflow summarising the key steps of the method to detect pmP arrivals

and convert the calculated pP-pmP differential time into a crustal thickness.

Inputs to the method are obtained following the approach in Chapter [2|

6.3

Comparison of the ak135 velocity model for P, with the modified version

tor the my 6.1 event which occurred on 15th April 2017 in northern Chile.

The entire model and the upper 100 km can be seen on the left and right
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with their automatic pmP picks. Vespagrams and optimum beams are
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(a) and 74.7°/142.7° (b) from the 2017 event, and 59.3°/155.7° (c¢) and

64.8°/168.3° (d) for the 2012 event. The dashed red lines indicate the

maximum and minimum pmP window bounds allowed, to ensure sutficient

phase separation for clear phase identification. The blue solid lines show

the 5 second pmP search window location, and the black dashed lines at a

given slowness are the picking thresholds on the optimum beam plots.| . .

111

65

Example ad-hoc arrays for two events in northern Chile, to demonstrate the

significance of the pmP search window length. Vespagrams and optimum

beams are shown for 2 ad-hoc arrays, (a) and (b) are an array at epicentral
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an array at epicentral distance = 86.4°(8th October 2012 event). (a) uses
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larger window allows a greater margin of error between the first-pass crustal

thickness/predicted pmP arrival and the observed arrival time.| . . . . . . .
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An example ad-hoc array for the my 5.7 event which occurred on the 4th

June 2022, at an epicentral distance of 84.0° with a bounce point in a

region of thicker crust (approx. 80 km). Vespagrams, optimum beams and

automatic pmP picks are shown for a search window based upon (a) the

Crust 1.0 (Laske et al., |2013) mean velocity (6.22 km/s), and (b) a 5.9

km /s constant crustal P velocity. It is clear that the Crust 1.0 based model

provides a pmP search window which is too delayed to capture the pmP

arrivall . . . . e
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(a) Bounce point locations and associated Moho depths of the identified

pmP arrivals for the north-mid Andes, and the linear interpolation. (b) Re-

ceiver function locations and associated Moho depths from previous studies

(Yuan et al., [2002; Ryan et al., 2016} |(Condori et al., |2017), with a linear

interpolation of Crust 1.0 (Laske et al., [2013)). (c¢) Moho depth differences

between the linearly interpolated receiver function results and the pmP

crustal depths from this study. (d) Moho depth differences between the

linearly interpolated Crust 1.0 model and the pmP crustal depths from this

study. Altiplano crust is outlined in a grey dotted line on all panel (Zandt

et al. [1994).]. . . . . L
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(a) Receiver function and Crust 1.0 Moho depths compared to the Moho

depths found during this study, and (b) a stacked histogram demonstrating

the frequency of the variance between the validation datasets and the results
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Example results from ad-hoc arrays, with their vespagrams (top) and opti-

mum beams (bottom), for data points which have large discrepancies with

the validation datasets. Comparison Moho depths and their dataset are

labelled above each plot. (a) Results for 4 September 2017 (epicentral dis-

tance = 82.4°). (b) Results for 8 June 2011 (epicentral distance = 53.7°).

(c) Results for 14 June 2007 (epicentral distance = 54.3°). (d) Results for
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Example ad-hoc arrays, with their vespagrams and optimum beams, demon-

strating the 1.72 upper bound on the usability of the phase-weighted relative

amplitudes between pmP and pP. (a) Shows ad-hoc array 74.3° epicentral

distance from the 2nd November 2022 event with relative amplitude of 1.69.

(b) Shows ad-hoc array 75.7° epicentral distance from the 26th March 2023

event with relative amplitude of 1.72. (¢) Shows ad-hoc array 70.8° epicen-

tral distance from the 26th October 2018 event with relative amplitude of
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Example ad-hoc arrays, with their vespagrams (top), phase-weighted opti-

mum beams (middle) and linear optimum beams (bottom), demonstrating

the range of the relative amplitudes between pmP and pP for a single event

from 26th March 2023. (a) Shows ad-hoc array 82.1° epicentral distance

with relative amplitude of 0.19. (b) Shows ad-hoc array 69.4° epicentral

distance with relative amplitude of 0.50. (c) Shows ad-hoc array 75.7° epi-

central distance with relative amplitude of 1.72.. . . . . . .. ... ... ..
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Histogram of the angles of incidence for the depth phase bounce points

overlain by the modelled reflection coefficients (R) for the free surface and

the Moho using parameters from the ak135 1D velocity model (Kennett
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Spatial distribution of the earthquake catalogue used to find pmP arrivals

(a), and pmP /pP relative amplitudes calculated at the pmP Moho bounce

points ((b) for relative amplitudes <=1 and (c) >1). Holocene volcanoes

(Global Volcanism Program), [2024)) are additionally plotted on (a) as red

triangles, and Altiplano crust (represented by a transparent pink polygon,

outlined with a grey dotted line from Zandt et al.[ (1994)) and Slab2 contours
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tudes calculated at the pmP Moho bounce points (a) and the relationship

between the depth of the subducting slab, using Slab2 (Hayes et al., [2018)),

and normalised relative amplitude ratios (b). Red dotted line at 100 km

depth, grey dotted line indicates a relative amplitude of 1, and blue solid line

shows the rolling relative amplitude mean which flattens at approximately
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Map showing the initial earthquake catalogue used for the SASZ intermediate-

depth earthquake relocation. The thick red line shows where the subduction

trench exists, 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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Example of the ad-hoc array creation process for a my 6.0 event from 25th

July 2016 located in Chile, showing a global distribution of teleseismic sta-

tions with processed Z components and the subsequent ad-hoc arrays (bot-

tom), 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 pro-

cess. The earthquake focal mechanism is taken tfrom the Global Centroid

Moment Tensor Project (GCMT) (Dziewonski et al., [1981; |[Ekstrom et al.,
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P and S wave amplitudes during beamforming in polar coordinates (back-

azimuth 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 trac-

ing 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 measured backazimuth and

slowness values. Example from m; 6.0 event from 25th July 2016, ad-hoc

array at 75.1° epicentral distance.|. . . . . . . ... ... oL
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Example of the automatic picking threshold found for an ad-hoc array at

an epicentral distance of 75.1° from the my 6.0 event 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 intersec-

tion and the final threshold found for the 7Z (a) and T (c) components (see

Section [2.2.4.4] for more detail). Threshold relative to the phase-weighted

beam for the Z (b) and T (d) components.|. . . . . .. ... ... ... ...
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Example Z and T component ad-hoc arrays located 75.1° from the event,

their automatic picks and differential times between phases tor the my 6.0

event which occurred on 25th July 2016 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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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 m; 6.0 25th July 2016 event. 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

tocal mechanism is taken from the Global Centroid Moment Tensor Project

(GCMT) (Dziewonski et al., |1981; [Ekstrom et al., [2012)[ . . . . . . .. ...
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Map of the relocated intermediate-depth earthquakes (a), using the ISC

augmented 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. An example cross section is shown in (b) to show

the difference 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). Horizontal and depth error bars are plotted per event, 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 linef . . . . . ... ... .. ... ..
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Example cross sections to show slab features, and the difference 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). Horizontal

and depth error bars are plotted per event, they are otten 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 locations visible in Figure[7.7|. . . . . .
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Example cross section to show slab features, and the difterence 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). Horizontal

and depth error bars are plotted per event, they are otten 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 visible in Figure|7r.7| . . . . . .

[7.10

Example ad-hoc arrays, with their vespagrams (top), phase-weighted opti-

mum beams (middle) and linear optimum beams (bottom) for a single event

from 25th July 2016. (a) Shows ad-hoc array 87.5° epicentral distance with

relative amplitude of 0.32. (b) Shows ad-hoc array 69.5° epicentral distance

with relative amplitude of 0.12. (c¢) Shows ad-hoc array 66.5° epicentral

distance with relative amplitude of 0.14. The bounce points for the ad-hoc

arrays exist from east to west for (a) to (c¢). The red dashed lines indicate

the time series which the pmP search window can exist within.| . . . . . . .
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The 554 source earthquake events for the picked pmP arrivals, with Slab2

contours for the down-going Nazca Plate (Hayes et al., 2018)) (left). The

pmP bounce points and associated Moho depths calculated using the dit-

ferential time between pmP and pP arrivals, with the Moho depth lin-

ear interpolation underneath (centre). The linearly interpolated Moho

depth/crustal thickness map for the SASZ (right).| . . ... ... ... ...
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Locations of all 1693 possible source earthquakes for pm.P analysis, using the

3D relocation it available or the original ISC location otherwise, alongside

the locations of Holocene volcanism (Global Volcanism Program, [2024) with

red triangles (left), the pmP bounce points with a normalised pmP/pP

relative amplitude less than or equal to 1 (centre), and more than 1 (right).| 154
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[7.13 Normalised pmP/pP relative amplitudes plotted against the Slab2 depth

at the same location, for the Peruvian latitudes (0° to 16°S, a) and the
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highlights a normalised relative amplitude of 1 (i.e. expected values), the

blue line 1s a rolling mean and the green line shows the mean sub- and post-
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Plot showing the steps in the workflow where earthquakes tail to progress.

Green dashed lines highlight the number of events remaining at each stage.

The stage with the greatest event loss is the conversion of ad-hoc array
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demonstrate a more representative slab/wedge geometry.|. . . . . . ... ..

167

A1

Plot showing the mean number of phases (P, pP or sP) found per moment

magnitude whilst applying five different bandpass filters for three seismic

data types — displacement, acceleration and velocity.| . . . . . ... ... ..

197

A2
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a backazimuth of 180°. All 3 phases are calculated to have less than 0.2

s difference between the plane and curved wavefront time-shifts which sig-

nificantly decreases with epicentral distance. Results shown are calculated
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Comparison grid of P arrival phase-weighted beams (power of 4) demon-

strating the variation in the amplitude, and thus coherency, as the backaz-

mmuth and slowness values grade from those found by the geodetic calcula-

tions (red box) to those found by beampacking (green box). 6 represents
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Cross-correlation results for ad-hoc arrays located at (a) 83.2° and (b) 83.1°

epicentral distances from the 23rd May 2010, my, 6.2 earthquake. (a) demon-
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Chapter 1

Introduction

This thesis focuses on leveraging the increasing volume of readily available teleseismic
data, passively sourced from intermediate-depth earthquakes, to automatically generate:
(1) phase catalogues (including depth phases) to integrate into global databases, (2) high
resolution intermediate-depth earthquake catalogues, and (3) Moho depth maps, from P
wave coda — and to a lesser extent, S wave coda — picks. These additional constraints
can be used to infer geological and geophysical characteristics for a geodynamic setting,
and interpret regional controls. I have concentrated on applying these approaches to sub-
duction zones — specifically the South American Subduction Zone, with large regional test
areas in Peru and northern Chile — to demonstrate their capability. Further explanation
for the use of the South American Subduction Zone as a case study is provided in Section

L34

During this chapter, I will establish context, key concepts and motivation for the work
discussed in the following chapters. These include an introduction to the challenges of
earthquake relocation, and the application of seismology to overcome them, before dis-
cussing intermediate-depth earthquakes, their nucleation in subduction zones and why we

need to accurately determine their hypocentral locations.

1.1 Earthquake location and current catalogues

Locating earthquakes using seismic data is an essential part of seismology (Geiger, 1910;
Engdahl et al.| [1998; [Waldhauser & Ellsworth, 2000; |Bondar & Storchak) 2011; Robin-
son et al.l 2013; Tibuleac, 2014} |[Florez & Prietol, |2017; [Sippl et al., 2018} |Craig), [2019;
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Miinchmeyer et all, [2024) with a large number of proposed approaches to improve ac-

curacy. The approaches break down into several categories of choice: local, teleseismic
(30-90°) or global data; single station data, or multi-station arrays; phase arrival time

based or waveform based; 1D or 3D location; absolute or relative location.

Well established earthquake catalogues, for example the ISC or ISC-EHB catalogues

(Bondar & Storchakl, 2011; [Weston et al. 2018; [Engdahl et al., |2020a), use local, tele-

seismic and globally determined phase arrivals from single station data to relocate their

earthquakes to an absolute 3D location with a linearized inversion, using phases defined in

'Storchak et al.| (2003)). However, those who conduct smaller regional studies favour differ-

ent approaches, tailored to their purpose and with the possibility of higher computational

demands.

For example, Sippl et al.| (2018)) generate an automatic microseismicity catalogue for north-

ern Chile using local, single station continuous data (largely from the IPOC network (GFZ!

& CNRS-INSUJ [2006))) in conjunction with an automated iterative picking routine involv-
ing short-term average over long term average (STA/LTA) (Allen, 1982)) event detection,
traveltime based event association, and P (Di Stefano et all [2006) and S (Diehl et al.

2009) phase pickers. The events are subsequently relocated using the phases and a 1D

inversion (Kissling et al.,|1994) to simultaneously solve for velocity and hypocentral depth,

and finally relocated using the double difference approach (Waldhauser & Ellsworth, |[2000).

Applying the double difference approach updates the catalogue of events from absolute

3D locations to locations which consider the event population relative to one another.

Double difference relocations consider neighbouring event pairs, which are assumed to have
similar ray paths, and the differences in their observed travel times relative to theoretical

travel time, in order to iteratively determine the expected vector difference between their

hypocentres, independently of velocity structure (Waldhauser & Ellsworth, 2000). Apply-

ing a double difference algorithm is helpful for identifying geometries and features defined

by seismicity at depth. Other catalogues which use the double difference approach include

'Schaff and Waldhauser| (2005), Rietbrock and Waldhauser| (2004), |Nippress and Rietbrock|

(2007)), [Pesicek et al. (2010) and Kumar et al.| (2016)).

To determine high resolution depth locations for earthquakes without local deployments

or seismic stations, teleseismic (30-90°) phase arrivals (e.g. Murphy & Barker, 2006}

'Tibuleac, 2014} [Florez & Prietol 2017} (Craig| |2019) or waveform inversions are favoured
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(e.g. |Craig et al., 2011; Devlin et al., 2012; |Craig & Hull, [2024)). The use of waveform
inversions is computationally and analytically intensive, which limits studies to individual
events, seismic sequences or small 3D regions. In contrast, teleseismic phase arrivals
can be scaled up to form regional to global earthquake catalogues, using either a 1D
(Craig, 2019) or 3D (Bondar & Storchak| 2011)) relocation approach. Using teleseismic
data has an advantage when it comes to determining more accurate event depths, as the
epicentral distance bounds allow depth phases to be recorded. Depth phases (see Section
provide a crucial constraint on depth by reducing the effect of the origin time-event
depth trade-off (e.g. Billings et al., [1994), yet unfortunately depth phases can often be
obscured by the direct arrival coda and/or are small in amplitude, which renders them
difficult to pick consistently. Here is where researchers have begun to expand upon array
seismology, and apply array processing concepts to assist manual or semi-automatic depth
phase identification — with global stacks (Woodgold, [1999; [Murphy & Barker, [2006; Fang &
van der Hilst, 2019) and statically assembled, ‘medium’-aperture ad-hoc arrays (Tibuleac,

2014; [Florez & Prieto, [2017)).

Alternatively, [Munchmeyer et al.| (2024) have developed and trained two deep learning
models to detect depth phases on single station teleseismic data, using the ISC-EHB
phase catalogue (Engdahl et al., 2020b)). The models are based upon the PhaseNet U-
Net-type model (W. Zhu & Beroza, 2019)), and consider either single station data, or a
multi-station approach. The multi-station approach additionally analyses the move-out
of the depth phases with respect to epicentral distance on single station seismograms, to
determine phase coherence and traveltime probability. The multi-station model provides
more consistent depth phase picks and, consequently, back-projected relocation results

(Miinchmeyer et al.,|2024)). Depth phases and array processing techniques will be discussed
in greater detail in Sections and [[.2.2]

Current earthquake relocation and catalogues are therefore hindered by several factors, as

described above:

1. Near-to-source receivers are needed to provide depth resolution, and to reduce the

effect of the origin time-depth trade-off, if depth phases are not incorporated.

2. Teleseismic traveltime based approaches using depth phases are limited by manual or
semi-automatic phase picking and verification, and machine learning pickers require

time- and data-intensive, computationally expensive training on both single station
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and array data.

3. Current array processing approaches which determine depth phase arrival times — to
provide depth resolution during relocation — give limited consideration for: the near-
to-receiver velocity structure; maximising the available teleseismic station density

per event; or generating location errors.

4. If computationally intensive waveform modelling is used to ascertain accurate source

locations and characteristics, the study size needs to be small/sub-regional.

This thesis intends to address the limitations experienced by previous earthquake cata-
logues, using an approach presented in Chapters [2] 3] [4] and [7] - a summary workflow is
available in Appendix The approach enables the dynamic creation of ad-hoc ar-
rays from the available teleseismic stations per event, ad-hoc array tailored processing
and automatic detection of depth phases to improve depth resolution during event reloca-
tion. High resolution results are achieved without near-to-source seismometers, expensive

computational or analytical processes, or significant scaling limits.

1.2 Array processing

Array processing takes seismic data from a group of stations (an array), and allows the
data to be considered as an ensemble. This provides the opportunity to improve the signal-
to-noise ratio of any arrivals in seismic data, and extract local-to-receiver parameters such

as horizontal slowness and backazimuth (Rost & Thomas| 2002]).

The apertures of the arrays — used in this context — can be variable in size from small-
aperture (typically <0.4° or 50 km (e.g. Heyburn & Bowers, [2008; (Craig & Heyburn,
2015)), ‘medium’-aperture (typically <5° or 556 km (Florez & Prieto, [2017))), and wide-
aperture (typically these can be >9° or 1000 km) or global arrays (Woodgold, [1999;
Murphy & Barker, 2006; Tibuleac, [2014; Craig, 2019; Fang & van der Hilst|, 2019).

Intentionally designed small-aperture arrays tend to be globally sparse, whilst wide-aperture
arrays suffer from loss of signal coherency across the entire aperture (Langston, 2014).
With the increasing density of seismic data globally, ad-hoc medium-aperture arrays can
now be built with relative ease from the available stations (Florez & Prieto, 2017)), and
used to assess recent earthquakes. Forming medium-aperture arrays from available sta-

tions circumvents a global deficit in designed small- or medium-aperture arrays, and opens
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the door to applying array processing approaches to persistent seismic data issues, such

as detecting low amplitude depth phases (Section [1.2.1]).

1.2.1 Depth phases

Depth phases are near-source surface reflections, which offer an additional constraint
on earthquake depth. They are a crucial observation to limit the origin time-event
depth trade-off which occurs during event relocation, when local receivers are unavail-

able (Bondar & Storchak, 2011)).

For the purpose of this thesis, I will be largely employing the use of the pP, sP and sS
depth phases in Chapters and [7} The ray paths for each are as follows (Figure

L1):

e pP — P wave with an upwards take-off angle, reflects off the free surface, and travels

to the receiver as a P wave.

e sP — § wave with an upwards take-off angle, reflects off the free surface, converts,

and travels to the receiver as a P wave.

e sS — S wave with an upwards take-off angle, reflects off the free surface, and travels

to the receiver as a S wave.
Additionally, I also analyse at depth underside reflections in Chapters [6] and

e pmP — P wave with an upwards take-off angle, reflects off the Moho, and travels to

the receiver as a P wave.

Event depth can be determined from the relative delay time between the depth phase(s)
and their associated direct phase (e.g. pP to P), assuming that the ray paths of the phases
are similar after the depth phase surface reflection, and the near-source velocity structure
is well constrained. Therefore, the relative time between the depth phases and the direct
arrival is unaffected by the distal velocity structure, the resultant depth is independent
of the location coordinates and absolute travel times of the phases are not required when
applying this approach. The advantages of using depth phases to precisely determine
earthquake depth are considerable, and enable a simpler path to improving event depth
resolution — hence their popularity (Engdahl et al., |1998; [Murphy & Barker, 2006} Letort
et al.l 2016; [Florez & Prieto, |2017; (Craig, [2019)).

The weakness in using depth phases is that they are difficult to detect and identify, partic-
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Figure 1.1: Theoretical ray paths for P, pmP, pP, sP, § and sS for a 300 km deep
earthquake using the ak135 velocity model (Kennett et al., |1995)).
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ularly for smaller magnitude earthquakes (M,, < 6). The relatively low amplitude arrivals
tend to be surrounded by increased ‘noise’ levels from the direct phase coda and, at dis-
tances less than 30° or depths of less than 40 km, are likely to overlap with the direct
phase arrival. Factors which control the detectability of the depth phases include the com-
plexity of the near-source velocity structure, the event magnitude and radiation pattern,
and the ray path attenuation. Furthermore, there is a trade-off between the event magni-
tude and the depth of the event when it comes to depth phase detectability, since larger
magnitude earthquakes will have longer, potentially more complex source-time functions,
which in combination with a shallow event with shorter relative time delays between the
depth phases and the direct arrival, will result in overlapping and interfering arrivals at
the receiver. To succeed in identifying and picking depth phases universally, application

of signal-to-noise enhancing methodologies is required.

1.2.2 Array processing techniques

This section will introduce basic array processing concepts used during Chapters [2} [3]
[6] and [7] Within these chapters there is also further discussion about the development of
phase detection and identification routines, which builds upon the techniques outlined in

this section.

A key array processing technique used is beamforming, where data are slowness corrected
to a designated coordinate within the array aperture, stacked into a beam and normalised
(Figure [1.2). Beamforming removes incoherent noise through destructive interference,

whilst retaining coherent, constructive signal (i.e. phase arrivals, see Figure [1.3)).

The linear beamforming process can be applied to an array of waveforms using:
| M
b(t) = MZ;xi(t—ri-u), (1.1)
1=

where M is the number of stations, x; is the recorded trace at station 7, r is a two
component vector describing the location of station ¢ relative to the reference station and
u is a two component horizontal slowness vector. The dot product of r and u represents
the timeshift a trace needs to undergo, for a specific slowness, in order to align its expected

phase arrivals with those from the reference location, to stack coherently.

Beams are generated for a specific backazimuth and horizontal slowness, assuming that the
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v = Station i

v = Reference Station
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L+ Wave front

XY
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Figure 1.2: Cartoon of an array in the horizontal plane, showing how station data is
corrected to the reference station during linear beamforming, with a time shift (d¢;) calcu-
lated using a specific horizontal slowness for the array. 6 is the backazimuth — the bearing
between north and the earthquake epicentre.

wavefront is planar and velocity variations are minimal across the aperture of the array,
although it is also possible to beamform with a spherical wavefront assumption (Ward et
al., [2020, [2021)). The necessity of this depends on the array aperture versus the wavefront
curvature. For wide aperture arrays where the phases are unlikely to be coherent across
the aperture, time-compressional or distance-dependent waveform windowing are used for

beamforming the array (Woodgold, 1999; Murphy & Barker} 2006; |Craig, 2019).

The values for backazimuth and horizontal slowness can be calculated theoretically using
ray tracing (Crotwell et al., [1999)) between the source and reference location, in conjunction
with a 1D velocity model. However, the best-fitting values can alternatively by found
directly from the array data using F-K analysis or beampacking, which allows local-to-
receiver calibration and acknowledgement of the velocity structure variations (Rost &
Thomas, 2002). Beampacking is simply the application of beamforming for a specific
phase arrival, in a grid search for backazimuth and slowness to find the values which
provide the greatest beam amplitude. The impact of using the best-fitting slowness and

backazimuth relative to the theoretically calculated values is demonstrated in Chapters

and |7 (also see Appendix |A.4]).
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Figure 1.3: Comparison between simple stacking (left) and beamforming (right). Where
the upper panels display the traces, already aligned in the beamforming case, and the
lowest panel displays the stack. Normlalised velocity data from the my 6.2, 23rd May
2010 earthquake in Peru, for an array at a 50.7° epicentral distance from the hypocentre.
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The beams created during linear beamforming can be weighted to improve the relative
amplitude of coherent arrivals with low relative amplitudes (e.g. depth phases) using
phase-weighted stacking (Schimmel & Paulssen, 1997)). Phase-weighted stacking is a non-
linear method, which weights the sample points in a beam according to an amplitude

independent coherency measure — the instantaneous phase.

The instantaneous phase is a factor in the phase stack, which is calculated and applied to

the linear beam as follows:

: (1.2)

where b, is the phase-weighted stack, b; is the linear beam, M is the number of seismograms
in the beam, ¢,, is the mth instantaneous phase, and v is the weighting exponent. The

phase stack consists of the term inside the modulus.

The phase stack weights perfectly coherent signals with 1, and down-weights less coherent
signal towards zero for a given sample point of the linear beam. The phase stack is also
given an exponent, this exponent controls the level of suppression for incoherent signal
(larger exponents result in greater suppression). An example showing linear and phase-
weighted beamforming is shown in Figure The consequent phase-weighted waveforms
are distorted by the application of a coherency weighting, and should not be used for
waveform analysis. It is also worth noting that phases which are not consistently observed
across an array will be down-weighted, due to a lack of array coherence. Similarly, if
the slowness correction applied to the stations during beamforming to align the data to
the same reference location is poor, the arrivals could be down-weighted due to lower
coherency and reduce the visibility of the phase in the stack. The impact of applying the
best-fitting slowness correction to a linear beam is demonstrated in Chapters and [7]

without which key phases may not be detected.

The linear or phase-weighted beams can also be generated whilst varying only one pa-
rameter — either horizontal slowness or backazimuth — to create multiple beams for the
same array. The multiple beams can subsequently be combined to construct a vespa-
gram (Davies et al., [1971)). Vespagrams indicate how amplitude behaves as a function
of slowness or backazimuth, which may form a useful indicator of confidence in a phase

arrival’s coherency across an array (see Chapters and @ An example phase-weighted

10
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Figure 1.4: Normalised, slowness corrected traces beamformed into a linear beam and
phase-weighted (PW) with an exponent for 4 to improve the signal-to-noise ratio of the
S and sS arrivals. Data from my 6.2, 23rd May 2010 intermediate-depth event in Peru,
from a group of stations (labelled) with a geometric centre 66.1° from the event.
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Figure 1.5: Normalised amplitude vespagram constructed with phase-weighted, transverse
component beams. Data from my 6.2, 23rd May 2010 intermediate-depth event in Peru,
from a group of stations (see Figure with a geometric centre 66.1° from the event.
Modelled arrival times for S and sS shown with black triangle markers. Colourbar shows
normalised amplitude from —1 (blue) to 1 (red), with 0 indicated by white.

vespagram is shown in Figure constructed using the traces beamformed in Figure

1.3 Subduction zones

Subduction zones are a key setting for earthquakes, particularly for seismicity which occurs
below the crust (i.e. more than approximately 40 km deep). This section introduces
the geometry and forces involved at a subduction zone and their link to the three main
categories of earthquakes for the setting — megathrust, intermediate-depth and deep. I then
discuss in more detail the occurrence of intermediate-depth earthquakes, their possible
nucleation mechanisms, and how improved hypocentral relocation could help to constrain

hypothesises.

1.3.1 Subduction zone dynamics

Subduction zones occur where the convergence between two lithospheric plates (i.e. an
oceanic and a continental plate, or two oceanic plates) is accommodated by one plate
descending beneath the other. A combination of forces allows a dynamic equilibrium
(Figure to be established between the plates and the supporting mantle (Forsyth &
Uyeda, 1975)), whereby the sinking denser plate — also known as the slab — bends and
unbends underneath the less dense plate (Sandiford et al. [2020). Several drivers for
subduction and continued convergence have been investigated, of which slab pull — the
negative buoyancy that a denser down-dip slab exerts on the remaining plate — is thought
to be the dominant driver. Other geodynamic forces, including ridge push and viscous

coupling between the lithosphere and the underlying asthenosphere, are considered second

12
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order contributors (Forsyth & Uyedal, [1975).

Continental Plate

Figure 1.6: Schematic of the geodynamic forces influencing a subduction zone, adapted
from [Forsyth and Uyedal (1975). The forces are defined as: Fsp = Slab Pull, Frp = Ridge
Push, Fsr = Slab Resistance, Fdf = Mantle Drag on the oceanic plate, Fdf 4+ Fcd = Mantle
Drag on the continental plate (allows for greater mantle viscosity underneath continental
crust), Fhs = Hydrodynamic Suction, Fbd = Slab Bending, Fub = Slab Unbending, Fcr
= Colliding Resistance, Fts = Trench Suction, and Ftf = Transform Fault Resistance.

The location and style of seismicity expressed at a subduction zone is directly related to the
geodynamic system. It is therefore important to understand and investigate the regional
and local forces present. Key force components for earthquake nucleation are: negative
and positive buoyancy forces from metamorphic phase conversion; thermal contrasts and
isostasy; slab flexure during bending and unbending; rheological resistance at the slab

interface; mantle resistance towards slab penetration and hydrodynamic suction within

the mantle wedge (van Hunen et al. 2004; |Sandiford et al., |2020). The combination and

influence of the respective forces present on a slab affects the angle of slab dip and the
strain that the slab is internally accommodating. If the forces and thus the slab angle
are dynamically altering, the adjustments will positively or negatively feed back to the
individual force contributions, therefore allowing a shift in the dominating controls on
earthquake nucleation, and the subsequent style of seismicity. As a result we can use
earthquakes, their seismic expressions and locations, to study the geometry, deformation

and rheology of subducting slabs.

1.3.1.1 Flat slab subduction

Flat slab subduction zones — where the down-going plate subducts at a sub-horizontal angle

(less than 5°) over a sustained distance (greater than 100 km) (Taramon et all, |2015) —

13



1.3. Subduction zones Chapter 1. Introduction

were originally identified using earthquake locations to infer slab geometry (e.g. in Peru,
Barazangi & Isacks, |1976]). However to this day, the origin and driving mechanisms behind
the development of flat slabs remain poorly understood, largely due to the apparent lack of
consistent global controls. Previous studies have suggested a range of factors which could
initiate and sustain flat slab subduction, including the subduction of buoyant features
(e.g., Pilger, |1981; |Gutscher et al.l |2000; [van Hunen et al., |2002), forced trench retreat
from an overthrusting continental plate (e.g., van Hunen et al., [2004; Schepers et al.,|[2017)),
and strong hydrodynamic suction in the mantle wedge (e.g., [Tovish et al., [1978; Ma &
Clayton, 2015)) possibly enhanced by a thick/cratonic overriding plate (e.g., [Taramon et
al., [2015)). For margins in close proximity to oceanic hotspots, slab—plume interactions

have also been suggested as a contributing factor (e.g., Betts et al.l |2012).

The subduction of buoyant features on the down-going slab remains the longest-standing
hypothesis for the development of flat slab subduction (Pilger} |1981). However, this idea is
challenged by the absence of a consistent spatial correlation between buoyant features and
flat slab segments. This is evidenced by a lack of modern flat slab segments on the western
edge of the Pacific Plate despite the subduction of ridges (e.g. Kamchatka and the Emperor
Ridge) (Schellart, 2020), and the presence of a well-developed flat slab beneath central
Mexico, where the subducting Cocos Plate lacks an obvious buoyant feature (Manea et

all, RO17).

Consequently, researchers now favour a combination of interplaying factors to explain flat
slab subduction (Manea et al., 2012 |Antonijevic et al., 2015). For example, the subduction
of a buoyant feature may be reinforced by an enhanced mantle suction and forced trench
retreat (van Hunen et al., 2004). Schellart (2020)) propose that these combinations are more
likely to occur at old, established and wide subduction zones — such as the South American
Subduction Zone (SASZ), where both Peru and central Chile have flat subducting slab
segments of the down-going Nazca Plate. The seismicity of the Peruvian flat slab segment
of the Nazca Plate will be studied further in Chapters [2] [4] [6] and [7}, with Chapter [7] also

addressing the seismicity of the Pampean (northern Chile) flat slab segment further south.

1.3.1.2 Subduction zone earthquakes

Broadly there are three categories of earthquakes associated with the slab of a subduc-
tion zone. As subduction occurs, the down-going slab bends into the trench to cause

extensional outer rise faulting, and is then subject to megathrust earthquakes between the
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under-thrusting slab and the overriding plate edge, intermediate-depth earthquakes within
the slab between 60-300 km deep into the mantle, and deep earthquakes at depths >300
km — although deep earthquakes are not ubiquitous (Frohlich, 2006). Megathrust events
are strongly related to frictional forces between the two plates (Lay et al., |2012; Yang et
al., 2012)), whilst the controls on intermediate- depth and deep earthquake nucleation are
still debated (Hacker et al., |2003; |John et al., |2009; |Ferrand et al., [2017; |Sandiford et al.|
2020). In addition to their tectonic significance, earthquakes at depth serve as valuable
seismic sources. The ray paths generated by these events can be used to investigate sur-
rounding velocity structures, such as the Mohorovi¢ié¢ (Moho) discontinuity (McGlashan
et al., 2008} [Phillips et al., [2012]). As this thesis uses intermediate-depth events for in-
sights into subduction zones, further discussion on the controls over intermediate-depth

earthquake nucleation can be found in Section [1.3.2]

1.3.2 Intermediate-depth earthquakes

Intermediate-depth earthquakes are defined as occurring between 60-300 km deep (Frohlich),
2006), and include any events which do not nucleate using the same frictional mechanism as
the seismogenic zone, megathrust earthquakes (Yang et al., 2012 Sippl et al., 2018). Geo-
metrically, the lower extent of the megathrust seismogenic zone can be defined as where the
slab interface exists below the Moho of the overriding plate, and is in direct contact with
the mantle wedge. Before the depth limit of the megathrust events, intermediate-depth
earthquakes begin to occur intra-slab, and deepen away from the slab top interface with
respect to absolute depth/distance from the trench (Hayes et al., 2018). Meanwhile, the
mantle couples to the slab interface and is viscously dragged and deformed — this viscously
deformed mantle is termed the mantle wedge (van Keken, 2003)). The down-dip intra-slab
seismicity forms a plane, representative of the slab geometry, called the Wadati-Benioff
zone (Wadati, |1928; Benioff, [1949). Some subduction zones have two seismic planes, sep-
arated by a 20-40 km aseismic gap (Hasegawa et al., 1978} K. Wang, 2002; Yamasaki &
Seno, 2003). These are typically referred to as a double seismogenic zones (DSZs, Figure
. DSZs naturally pinch out as the two planes coalesce at depth (Hacker et al.; 2003;
Sippl et al., [2018; |[Florez & Prieto, 2019). The separation of the DSZs, and thus the
thickness of the aseismic wedge, is dependent on the thermal structure of the slab — older
(and therefore colder) slabs commonly display a thicker aseismic wedge than younger and

hotter slabs (Brudzinski et al., 2007 |[Florez & Prieto, [2019). The depth at which the two
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planes merge is thought to be controlled by the slab thermal parameter (Wei et al., 2017}

[Florez & Prieto, |2019), where colder slabs have DSZs which extend to greater depths (e.g.

Tonga’s cold slab DSZ extends to approximately 300 km).

Accretionary Arc Volcanism
Wedge 12
Oceanic
Crust
Continental
Outer Rise Crust
Faulting
Mantle Wedge
Dehydration
Reactions
Intra-slab _ Fluid As_sisted
Stresses Melting
Coupled
Upper Plane Wedge Flow
Seismicity
Lower Plane /
Seismicity
Mantle [Not to scale]

Figure 1.7: Schematic subduction zone with a double seismogenic zone (DSZ), highlighting
key characteristics discussed during the chapter and thesis. The blue domain represents
upper plane seismicity, while the green domain indicates the approximate location of lower
plane seismicity within the down-going slab, often attributed to the breakdown of lawsonite
and serpentinite, respectively (see Section . Adapted from van Keken and Wilson|

029).

Brudzinski et al.| (2007)) conducted a global study to address whether DSZs are widespread,

and concluded that every subduction zone has at least a segment expressing an upper and
lower band of seismicity. This has later been corroborated by the work of
, who relocated and analysed 32 slab segments globally. The presence of
DSZs in all subduction zones indicates that the mechanism driving intermediate-depth

seismicity must be present globally regardless of plate thermal structure, convergence rate

and stress state (Brudzinski et al., 2007). However the heterogeneous nature of seismic

activity presents a challenge for developing a widely compatible petrological and dynamic

framework for subducting slabs (Sandiford et al. 2019). Many mechanisms have been

proposed to explain the presence of intermediate-depth seismicity, and its manifestation

as DSZs, since brittle failure should not be occurring at these depths. Proposed models
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include the dehydration of hydrothermally altered oceanic lithosphere (Hacker et al.,|2003)),

shear instabilities (Hobbs & Ord, 1988 [Liu & Yao, 2020), and the bending/unbending

of the subducting slab (Sandiford et al. [2020). These are discussed in Sections |1.3.2.1
[[:3:2.2] and [1.3:2.3] respectively.

1.3.2.1 Dehydration reactions

Dehydration reactions have been proposed as a facilitation mechanism for intermediate-
depth earthquake nucleation, due to their ability to reduce fault and material strength

(Sibson| [1977)) via dehydration embrittlement (Murrell & Ismail, 1976} Kirby et al., (1996}

Jung et al., |2004; [Wagner et al. [2020). As the slab subducts, hydrated minerals from

sea-water percolation, assisted by outer rise faults (Figure and sometimes fluid-rich

sediments on the slab top (K. Wang et al (1997), begin to metamorphose under the

increased pressure-temperature conditions by expelling their fluid content (Kirby et al.
1996)). This increases the local pore fluid pressure (PFP), which acts to reduce the stress

and confining pressure the slab may be experiencing, and thereby invoking a reduced effec-
tive differential stress upon the material (Figure. Mechanical failure, and therefore an
earthquake, is prompted according to the Mohr-Coulomb failure envelope
in a pressure-temperature regime which should deform in a ductile manner (Wagner et
, due to the changes in the local stress regime. The distribution of seismicity,
for instance the reduction in earthquake frequency with respect to depth and the higher
density of earthquakes close to pertinent pressure-temperature conditions, strongly sup-

ports the importance of dehydrating hydrous minerals for intermediate-depth earthquake

nucleation (Kirby et al., [1996} [Peacock, 2001} [Hacker et al [2003; [Yamasaki & Seno, 2003}

\Abers et al., [2013). The hydration of the mantle additionally encourages partial melting

of the overlying mantle wedge, and associated explosive arc volcanism to occur (van Keken!

& Wilson, 2023).

Lower DSZ Reactions

Different mineralogical systems have been experimentally observed to exhibit embrittle-

ment during dehydration, such as amphibolite (Hacker & Christie| 2011)), chlorite (Murrell

1976)), gypsum (Ko et al., [1997), serpentine (Rutter & Brodie, [1988) and tremo-
lite (Kirbyl, |1987), when the permeability of the material proves inadequate to allow fluid

pressure to decrease.
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Figure 1.8: A schematic Mohr circle demonstrating the leftward shift of the dry total stress
circle (black) — which represents the differential stress a material is under — due to an
increase in pore fluid pressure (PFP). The new, wet, effective stress circle (blue) intersects
the failure envelope (dashed line) indicating that brittle failure will occur. Shear stress
(1) and normal stress (o) are on the y- and x-axes respectively, C represents the cohesion
of the material and ¢ represents the angle of internal friction.

The upper mantle of the slab is likely hydrated — consisting of a serpentinite-dominated
mineral assemblage, typically an altered harzburgite — largely due to infiltration of sea
water at the outer rise. The dehydration of serpentinite, via an antigorite reaction under
experimental conditions, causes an instantaneous stress decrease accommodated by shear
fracturing (Raleigh & Paterson) [1965) and corresponds to the pressure-temperature con-
ditions at locations of lower plane seismicity beneath north east Japan (Peacock, 2001)).
Seismicity which delineates the lower plane of the DSZ is therefore typically attributed to
the breakdown of serpentinite (Peacock, 2001; [Hacker et al., [2003; Sippl et al., 2018; Lu

et al., [2021)).

Upper DSZ Reactions

The upper plane of the DSZ could exist in the upper mantle of the down-going slab,
and/or the crust depending on the temperature of the subduction zone — intermediate-
depth earthquakes are observed in the crust and mantle of cold subduction zones slabs,
whereas hot subduction zone slabs predominantly nucleate events sub-slab Moho (Abers
et al., [2013). For cold subduction zones, the seismicity of the upper plane is proposed
by [Hacker et al. (2003) to result from lawsonite breakdown in the lower oceanic crust
during eclogitisation, which is a reaction proven to be seismogenic by |Okazaki and Hirth
(2016). However, the presence of lawsonite is unlikely for younger, more buoyant, hot

slabs such as Cascadia (Hacker et al., |2003|). For hot subduction zones, the slab crust
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pressure-temperature trajectory crosses a different set of reaction boundaries. Instead
the slab crust might dehydrate to eclogite, via zoisite and antigorite, resulting in the slow
release of water (Abers et al.,|2013)). The difference in slab temperatures and thus, reaction
pathways, is likely to influence rate of seismogenesis, as the cold reaction pathway causes
a net increase in solid plus fluid volume, whilst the hot reactions result in a net volume
loss (Abers et al., 2013). The net volume increase from the blueschist/lawsonite reactions
indicates a greater release of fluid than for the zoisite-antigorite-eclogite reactions, which
could decrease PFP rapidly and enable brittle failure to a greater extent in cold slabs

(Abers et al., [2013).

1.3.2.2 Shear instabilities

Shear instabilities (sometimes referred to as plastic instabilities) cause localised thermal
runaway along a plane — typically a pre-existing shear zone from outer rise or trans-
form faulting reactivated by viscous shear (Kelemen & Hirth) 2007). The plane is weak-
ened through the interaction between shear heating and temperature-dependent rheology
(Thielmann et al. [2015). Heat is generated at a greater rate than can be dissipated via
conduction, allowing melt (Hosseinzadehsabeti et al., 2021), strain softening (Hobbs &
Ord}, |1988; \John et al., 2009) and/or grain size reduction (Golding et al.,|2012; Thielmann
et al., 2015)) to occur along the fault planes. This initiates a positive feedback cycle and

can enable unstable, seismogenic slip at relatively low shear stresses (Ogaway, [1987)).

Shear instabilities associated with strain softening will occur below a critical temperature,
above which strain hardening processes dominate. Therefore for a given critical tempera-
ture and geothermal gradient of a subducting slab, there will exist a depth (approximately
800 km) beyond which shear instabilities are not possible due to the stability strain hard-
ening provides (Hobbs & Ord, [1988). Since this mechanism appears to be functional to
greater depths and occurs in the absence of increased PFP /without brittle failure (John
et all [2009), it is likely that shear instabilities may also be responsible for deep focus
earthquakes (e.g. (Ogawal |1987; Wiens, [2001}; Prakash et al., 2023).

Kelemen and Hirth (2007)) suggest that shear instabilities nucleate in pre-existing shear
zones from outer rise or transform faulting, and are reactivated via highly localised viscous
creep. Kelemen and Hirth (2007) and Prakash et al. (2023) model thin olivine-rich and
carbonate layers hosted in coarser grained peridotite respectively, and determine that

unstable sliding is possible for these compositions under intermediate-depth earthquake
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conditions.

Rather than suggest shear instabilities as an independent mechanism, researchers tend
to propose that shear instability earthquakes likely occur alongside those caused by de-
hydration embrittlement (e.g. the upper band of DSZ seismicity, Figure (John et
al., 2009; Prieto et al., 2017; Prakash et al., [2023). However for subduction conditions
which do not favour brittle failure due to dehydration reactions, a shear instability based
mechanism is proposed to dominate (Prakash et all 2023)). Suggested locations for this
are at depths greater than approximately 200 km (depending on the thermal state of the
subduction zone) (Prakash et al., |2023), and slabs where the oceanic crust may not have
been hydrated by outer rise faulting/sea-water penetration (Ranero et al., [2005; Wagner

et al., 2020).

Shear instabilities have been recently proposed as an explanation for the nucleation of
intermediate-depth earthquakes, including for the Hindu Kush nest (Poli et al., [2016]), the
M,, 4.8 Wyoming earthquake in continental lithosphere (Prieto et al., [2017)), the M,, 8.0
Peruvian earthquake on 26th May 2019 (Liu & Yao, 2020)) and for the lower plane of the
Chilean DSZ (Lu et al.| 2021)). However alternative hypotheses for the Andean events, such
as dehydration reactions, were ultimately favoured due to a lack of supporting temperature
and velocity data. Despite the unpopularity of shear instabilities as a mechanism to explain
intermediate-depth earthquakes, there are not sufficient data and experimental evidence
to discount them as a viable option. Whether shear instabilities are a sustainable process

at intermediate depths needs to be examined to a greater extent.

1.3.2.3 Intra-slab stresses

The relationships between slab seismicity, local/regional deviatoric stress and whole-scale
subduction dynamics remain a challenge to unpick due to unresolved uncertainties, in-

cluding the interplay of the metamorphic reactions and shear instabilities (discussed in

Sections [1.3.2.1) and [1.3.2.2)). Here I present two models which describe stress distribution

in the subducting slab, without the consideration of either local perturbations or the effect

of mineral reactions: the uniaxial stress model and the slab flexure model.

Early studies established a classic model relating intra-slab earthquake orientations to
uniaxial stress and strain accommodation parallel to the down-going slab (Isacks & Molnar,

1969, |1971)). Isacks and Molnar| (1971) proposed that the predominant slab uniaxial stress
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Figure 1.9: A schematic showing the uniaxial (a and b) and the flexural (c) intra-slab stress
models, adapted from Isacks and Molnar| (1971). The stress markers indicate approximate
T-axes, whilst the dashed lines on (c) indicate the neutral planes of zero stress interpreted
from |Sandiford et al.| (2020)).

is tensile or compressional (Figure and b) depending upon if the deepest portion of

connected down-going slab exists in weak asthenosphere, where slab pull strongly exerts

upon the slab (also observed by Rietbrock and Waldhauser| (2004); Bloch et al.| (2018)), or

below the mantle transition zone, where resistive forces propagate up-dip (also observed

by |Gurnis et al. (2000)); Billen et al.| (2003)). However Apperson and Frohlich (1987) find

that only 29% of their analysed earthquake focal mechanism catalogue, containing 853

CMT located events with a global distribution of hypocentres (>90 km deep), fit the slab

parallel uniaxial stress hypothesis proposed by [Isacks and Molnar| (1971)).

Furthermore, the simplicity of the uniaxial stress model also fails to explain the presence
of DSZs, the upper and lower bands of which typically display opposing focal mechanisms

(Figure . Updated focal mechanisms and models find the upper plane of a DSZ tends

to express down-dip compression whilst the lower plane experiences down-dip tension

(Engdahl & Scholz, 1977} [Hasegawa & Sacks, 1981} [Fujita & Kanamori, 1981; Brudzinski

et al.l 2007; [Wei et al.l [2017)), this observation aligns with the stresses applied during slab

unbending/flexure (Figure ) combined with dehydration embrittlement (Figure [1.7))

in order to overcome the confining pressure (K. Wang, [2002; Sandiford et al., |2020).

Sandiford et al.| (2019) used a flat slab configuration to assess the relationship between

the increased number of slab bending points and the distribution of seismicity — they
found a systematic link between increased seismicity and a greater slab curvature gradient.

Additionally they observe an abrupt cessation of earthquakes at the 600 —700°C isotherm,

where the brittle-viscous transition is expected (McKenzie, [1969), notably prevents the
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full expression of the slab stress field at depth. Consequently, a slab which appears to
be dominated by uniform down-dip tension may be experiencing compression below the
600-700°C isotherm without releasing a diagnostic seismic signal (Sandiford et al., |2019).
This indicates that in order for bending/flexural related deformation to be seismogenic,
the conditions for brittle deformation must already by present — either through shallower
depth (reduced temperature-pressure conditions) or slab dehydration (local reduction in

confining pressure).

Sometimes, on local data, a triple seismogenic zone can be observed, when unbending oc-
curs in the presence of dehydration reactions to discretely form three planes under different
pressure-temperature conditions (Igarashi et al.l 2001). The upper plane is considered to
be under an extensional stress regime and caused by eclogitisation reactions, whilst the
middle and lower bands are thought to nucleate due to the accommodation of slab unbend-
ing (Igarashi et al.l 2001; K. Wang, |2002)). It is also thought that all double seismogenic
zones are in fact under-developed triple seismogenic zones, where either the top or middle
planes are less seismogenic either due to the balance between metamophic and unbending

strain rates, or insufficient unbending strain (K. Wang, 2002).

1.3.2.4 Why relocate intermediate-depth earthquakes in subduction zones?

As shown in Sections [1.3.2.1], [1.3.2.2] and [1.3.2.3] the nucleation mechanism and the or-

der/interplay of controls upon the location and distribution of intermediate-depth earth-
quakes, and thus intra-slab deformation, are still poorly understood (Hacker et al., 2003;
Frohlichl, 2006} [Ferrand et al.| |2017; [Hosseinzadehsabeti et al.l 2021} van Keken & Wilson|,
2023). The primary limitation upon our understanding of these events is being able to
accurately locate the hypocentres, and mapping those locations to the background rheol-
ogy, geometry and conditions of the host slab. In subduction zones, the earthquake depth
determination also needs to be at a higher resolution in order to assess the influence of
rheological properties and intra-slab stress, as these change quickly over small vertical dis-
tances. Ultimately, it is important to continue researching the controls upon intermediate-
depth earthquake nucleation and characteristics, as even though the hypocentres can be
deep, they can present a significant seismic hazard to overlying population centres (Abe,

1972; |Beck et al., |1998).

As a secondary reason, intermediate-depth earthquakes provide an excellent passive source

to investigate other structures in the subduction zone. A good understanding of the source
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location and parameters is essential when using earthquakes as sources for passive seismol-
ogy, particularly for ray path calculation. One such structure which can be investigated
with intermediate-depth earthquakes is the Mohorovici¢ discontinuity (McGlashan et al.,
2008) — see Section and Chapter |§| for further discussion.

For the reasons discussed above, I present in this thesis an intermediate-depth earthquake
relocation approach to determine 1D (depth, Chapter and 3D locations (Chapters
and of events in subduction zones, in order to assist investigations into earthquake
nucleation and provide insights into subduction zone geometry. See Section for an

overview of the thesis structure.

1.3.3 Moho depth

The Mohorovici¢ discontinuity (Moho) defines the boundary between the crust and the
mantle (Mohorovicic¢, |1910), and can be identified seismically by observing a discrete in-
crease in P and S wave velocity from 6.0-6.8 km/s and 3.7-3.9 km/s in the crust to
approximately 8 km/s and 4.5 km/s in the mantle, and an increase in density from 2.7-2.9
to 3.3-3.4 g/cm?® (Dziewonski & Anderson, 1981} |[Kennett & Engdahl, [1991; Kennett et
al., [1995} [Prodehl et al., 2013). The Moho depth is a critical parameter for defining geo-
dynamic models (e.g. |[van Hunen et all 2002), to understand the pressure-temperature
conditions of the crust and upper mantle, gravitational measurements and resource distri-

bution.

For subduction zones, alongside the slab top interpreted from intermediate-depth earth-
quakes (Hayes et al., [2018)), the Moho depth is crucial to defining subduction zone geometry
and the behaviour of the underlying mantle wedge. Furthermore, the mechanical nature
of the Moho, which may be inferred from a reflector amplitude study (McGlashan et al.,
2008), and the rheology of the lower crust versus upper mantle could be informative for

understanding subduction zone dynamics and conditions.

Passive seismology and the application of receiver functions are classically used to deter-
mine Moho depth today, although controlled source seismic reflection/refraction surveys
can also image the Moho (Prodehl et al., 2013). Receiver functions highlight near-to-
receiver velocity structure interfaces which have converted P arrivals into SV waves (most
prominently, the Moho), using an incoming teleseismic arrival. They are calculated by

deconvolving the vertical component (or P) from the radial component (or SV'), to re-
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move the effect of the source-time function and near-source velocity structure (Langston,
1979). Deconvolving the vertical component from the transverse component provides
signals which can be interpreted for anisotropy and dip (Langston, [1979; [Farra & Vin-
nik, 2000). The resultant radial component receiver functions are typically stacked with
move-out corrections to enhance the signal-to-noise ratio of key near-to-receiver conversion
horizons (Farra & Vinnik} |2000) and migrated to the common conversion point (CCP) (Li
et al.l 2022). The travel times of the P to SV converted arrivals detected from the Moho
can thus be used to determine Moho depth (Yuan et al., |2002), with the opportunity to

analyse the signal amplitudes to infer discontinuity structure.

Using receiver functions to define Moho depth takes advantage of naturally occurring
seismic sources (i.e. earthquakes), which is less costly than a planned controlled source
experiment and will provide a greater coverage of data points globally (assuming a global
coverage of seismometers). The limitations of receiver functions are the need for (1)
a teleseismic source, receiver functions cannot be calculated if a study region lacks a
seismically active zone within 30-90° epicentral distance (this is unlikely given the global
distribution of seismic activity), and (2) for receivers located on the study region’s surface.
Alternatively, McGlashan et al.| (2008)) have developed an idea to use teleseismic pmP
depth phases, near-source Moho reflectors, to define Moho depth. This removes the need
for local receivers to determine the Moho, as only teleseismic receivers are necessary,
however for pmP depth phases to occur, the study region will need to be seismically

active at depths below the Moho.

Chapters @ and [7| build upon the work of McGlashan et al. (2008) to generate regional
Moho depth maps quickly and automatically, using teleseismic received pmP and pP

phases detected on ad-hoc array data.

1.3.4 Study region — South American Subduction Zone

During this thesis, I demonstrate the methodologies using the South American Subduction
Zone (SASZ) as a case study. The SASZ margin exists where the Nazca and South
American plates converge, and extends from approximately 6°S to 45°S in latitude (Figure
[1.10). The plates converge at a rate of ~5.6-6 cm/yr (with the South American Plate
overthrusting the Nazca Plate (Gripp & Gordon, [2002))) in the direction of ~81-83°N
(Trenkamp et al., 2002]), which encourages increasingly oblique convergence north of Chile,

where the subduction trench curves westward (Rodriguez et al., 2024). The down-going
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Nazca plate in the SASZ has a number of bathymetric features which are thought to
influence seismicity and slab geometry in the region, such as fracture zones and ridges
(Espurt et al., 2008; [Bilekl [2010; |Gao et al. [2021), and two named flat slab sections
(see Section — the Peruvian and Pampean flat slabs (Flament et al., [2015). The
buoyancy of the Nazca Ridge in particular is considered a major contributing factor to
the development of flat slab subduction in Peru (Cross & Pilger, 1982; [Pilger] [1981;
Antonijevic et al., 2015} [Schellart) |2020). The margin also has associated arc volcanism,

and the locations of Holocene volcanoes are illustrated in Figure

The SASZ is an ideal subduction zone to generate depth phase based catalogues for four
reasons — (1) the region is rich in moderate magnitude, intermediate-depth events, (2)
there is plentiful teleseismic data coverage, (3) a deep research record to provide results
validation, and (4) a variety of open questions involving the subducting Nazca plate,
mantle wedge and overlying South American plate which the catalogues can address.
Open questions include, yet are not limited to: the geometry of the Peruvian flat slab and
its relationship to nucleating intermediate-depth earthquakes; whether there are double
seismogenic zones and if so what are their characteristics; where is the Moho and is it

laterally variable?

Greater detail of the study region, and its subsets, are provided within the Chapters, along

with the context of the research questions each Chapter is considering (Chapters |§| and

7).

1.4 Overview

The aim of the thesis is to use teleseismic depth phase arrivals to improve upon regional
intermediate-depth earthquake catalogues, investigate iterative updates to the presented
relocation methodology, interpret the geological and geophysical implications of the event
distributions in the new catalogues, and utilise the results generated to also establish a

routine to regionally map crustal thickness.

Chapter [2[ is a published paper (Blackwell et al.l 2024), which establishes an initial ap-
proach to detect and identify teleseismic P, pP and sP arrivals using array processing
techniques on ad-hoc medium-aperture arrays, and convert their relative times to event
depth (1D relocation). Jack-knifing of the ad-hoc arrays additionally provides a basis to

generate error estimations on the relocated event depths. The approach is entirely auto-
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Figure 1.10: Map showing an overview of the South American Subduction Zone (SASZ).
The thick red lines show where the tectonic plate boundaries exist between the Nazca
(NZ), South American (SA), Caribbean (CA) and Cocos (CO) plates 2003). Arrows
indicate plate velocity in mm/yr at different latitudes for the Nazca and South American
plates (Gripp & Gordon, 2002)), and countours show the depth of the subducting Nazca
plate according to the Slab2 model lHayes|, 2017). Red triangles represent the locations
of Holocene volcanoes (Global Volcanism Program)| 2024)), and the Altiplano continental
plateau located in northern Chile is highlighted (Zandt et all [1994)). Other pertinent
bathymetric and slab features are also labelled (Zandt et al., [1994; Espurt et al., 2008}
Bilek, 2010; [Flament et al., [2015; Wagner & Okal, |2019)).
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mated and dynamic to both the event and the individual ad-hoc arrays, without the need
for computationally expensive machine learning. Both northern Chile and Peru are used
as study areas, with northern Chile serving as a validation region for the methodology.

Reasons for the selection of the test regions are discussed in Section[1.3.4

Chapter [3] is a brief chapter to outline how I expand upon the Chapter [2| relocation
methodology to include S and sS phases, which will later be applied to the entirety of the
SASZ alongside the original P, pP and sP routine to relocate events in Chapter[7] I believe
this might be the first time a methodology which incorporates the automatic detection of
both P wave and S wave coda depth phases for event relocation will be applied to the

entire length of the South American Subduction Zone.

Chapter [ investigates using the automatically detected depth phase picks for 3D event
relocation. I integrate the phase arrival picks for P, pP and sP, with the International
Seismological Centre (ISC) reported phases per event, and relocate the earthquakes using
ISCloc (Bondar & Storchak, 2011)) — the ISC inversion algorithm to solve for 3D location
(Bondar & Storchak, 2011)). After which I assess the improvement in terms of location and
location error for both the ISC and |Blackwell et al.|(2024) (from Chapter [2]) earthquake
catalogues. By incorporating additional depth phases with the reported ISC phases before
relocation, I increase the number of data points to ascertain good depth resolution and
decrease locational error (specifically for the depth coordinate). The study area continues
to be Peru and northern Chile for this chapter, and the new ISC integrated, 3D relocated

catalogue allows updated interpretation to be discussed for the regions.

Chapter [5| tests a machine learning picker (PhaseNet by W. Zhu and Beroza (2019)) on
phase-weighted beams to assess if (1) a machine learning picker could work on a teleseismic
beam, and (2) if I could generate pick uncertainties. This work is motivated by the
need to convert amplitude-based depth phase picks into absolute time, phase onset picks
in Chapter {4} for the application of ISCloc (Bondar & Storchak, 2011)). By displaying
proof of concept, and showing that machine learning pickers can work on teleseismic,
phase-weighted beams, I open up opportunities to convert amplitude-based picks from
the automatic routine outlined in Chapters |2 and [3| to absolute onset times. This should

encourage further integration of array-determined picks into global phase catalogues.

Chapter [0] leverages the generated data from the event relocation approach, to detect

the depth phase — pmP — for Moho depth determination. In conjunction with pP, pmP
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can inform us of the crustal thickness near to the event source. Chapter [6] describes
an automatic methodology to generate regional crustal thickness maps quickly, and I
validate the results against receiver function findings. I additionally consider the relative
amplitudes of pP to pmP, to determine the mechanical nature of the Moho underlying

Peru and northern Chile.

Finally, Chapter [7| applies all of the presented methodologies to the entirety of the SASZ
to demonstrate their capability. Intermediate-depth events are relocated in 3D using ad-
hoc array determined P, pP, sP, § and sS arrivals, combined with the globally reported
ISC phase catalogues per event (following the methods presented in Chapters and .
Furthermore, a regional Moho depth map is generated from the detection and identification
of pmP arrivals, and a pmP /pP relative amplitude study conducted (following Chapter
@. The results from both the relocated event catalogue and the regional Moho depth map
are analysed and discussed to provide insights into the SASZ, and the success of scaling-up

the approaches to a larger region.
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Chapter 2

Automatic relocation of
intermediate-depth earthquakes

using adaptive teleseismic arrays

2.1 Introduction

Intermediate-depth earthquakes — those with hypocentral depths between 60-300 km — oc-
cur in all actively subducting slabs (e.g. [Frohlich, 2006|) and, although they comprise only
a small proportion of the total seismic moment release associated with subduction zones,
they can present a significant seismic hazard of the overlying population centres (Abe,
1972; |Beck et al., [1998). Despite this, they remain one of the least-well understood types
of earthquake, with open questions as to what controls their occurrence, distribution, and
nucleation (Hacker et al., [2003; |Frohlichl, 2006} Ferrand et al.l [2017; |Hosseinzadehsabeti
et al., 2021)). One of the principal issues limiting our understanding of such earthquakes
is the difficulty in accurately locating these earthquakes, and their relationship to the
rheology, geometry, and structure of the host slab. Determining accurate locations for
such earthquakes, particularly in regions with very few local seismic instruments can be
difficult, and subject to significant uncertainty. Earthquake depth, in particular, is of
great importance, as both rheological properties and intraslab stress change fastest in the

vertical direction, with the greatest complexity in seismogenic structure.

For global earthquake location, a vital observation offering both a direct and an indepen-

dent constraint on the depth of an earthquake is the relative delay time of teleseismic
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depth phases (Figure — near-source surface reflections (pP, sP), which otherwise fol-
low a similar raypath to the associated direct phase (P). The relative delay time of these
depth phases is dependent on depth of the earthquake below the overlying surface and the
near source velocity structure. Hence, in cases where the velocity structure is reasonably
well known, the delay time offers a precise constraint on earthquake hypocentral depth,
which is independent of the absolute travel time of any of the various phases. Therefore,
depth determination using the relative arrival times is unaffected by any velocity structure
variations outside of the near-source region, and additionally independent of the lateral

location.

However, for smaller earthquakes (M, < 6), depth phases are often difficult to identify —
depth phase detection is hindered by their relatively low amplitude, and by the increased
background ‘noise’ levels present in the direct phase coda, particularly for earthquakes
in areas with complex near-source velocity structures. The recorded amplitude of the
arrivals depends upon factors such as the moment magnitude, radiation pattern and the
attenuation during transmission from source to receiver. Additionally, higher magnitude
events at shallower depths are likely to have longer source durations and shorter relative
delay times between the phases, which can result in the depth phases and the direct arrival

overlapping and interfering with each other, further hindering identification.

One approach has been to enhance the detectability of depth phases by stacking waveform
data where depth phases are coherent — an approach commonly employed using data
from the limited number of small aperture arrays (typically <0.4° or 50 km) around the
world (e.g., Heyburn & Bowers, |2008; (Craig & Heyburn, 2015|) via beamforming. Other
approaches have tried to apply either time-compression or distance-dependent windowing
of the waveform to allow the stacking of data from wide-aperture (typically these can be
>9° or 1000 km) or global arrays (Woodgold) 1999; Murphy & Barker, 2006; Tibuleac,
2014; Craig, 2019; Fang & van der Hilst, 2019). However, with the increasing station
density of long-term seismic networks, more recent approaches have been developed which
construct ‘medium’ aperture (typically <5° or 556 km (Florez & Prieto|, 2017))) seismic
arrays, which suffer from neither the geographic sparsity of small-aperture arrays, nor the
coherence limits of wide-aperture arrays. With the rapid increase in station density across
many continental regions, the construction of large numbers of medium-aperture arrays is
now possible for many, if not all, contemporary earthquakes, and offers a vital avenue to

greatly increase the number of depth phases observed in global seismic catalogues, and to
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greatly improve the location of intermediate-depth earthquakes, in particular.

Approaches to the accurate determination of earthquake depths tend to divide into two
groups: those using the pre-identified arrival times of specific seismic phases (including
depth phases; e.g., [Engdahl et al.| [1998} [Bondar & Storchakl 2011} [Minchmeyer et al.,
2024]), and those determining location parameters through the inversion of waveform data
(over a window encompassing the depth phases; e.g., |Craig et al.,|2011; Devlin et al.| 2012}
Craig & Hull, [2024). In general, the latter has required significant computational and
analytical resources, and has largely been restricted to studies of specific events, seismic
sequences, or carefully-defined regions, whilst the former forms the basis for most global
earthquake catalogues. Here, I instead aim to automate an innovative hybrid approach
to waveform processing to greatly increase the number of depth phases for which relative

travel times can be determined.

In this chapter, I demonstrate a dynamic and fully automated approach to re-locate the
hypocentres of intermediate-depth earthquakes in depth using the relative delay times be-
tween the P wave and its associated depth phases (pP and sP). The approach leverages the
increasing abundance of teleseismic data to allow the construction of adaptive teleseismic
seismic arrays, which aim to image and detect clear depth phases for smaller-magnitude
events. I start by illustrating my processing workflow (see Section using an example
earthquake from Peru, then presenting comparisons with previous depth-phase derived
catalogues from northern Chile (see Section , before showing a regional case study
based on the Peruvian subduction zone (see Section .

2.2 Relocation algorithm

To relocate intermediate-depth earthquakes automatically, I create dynamic medium-
aperture ad-hoc arrays, independently generated to optimise usage of the available tele-
seismic data for each earthquake (see Section , detect and automatically pick the
P, pP and sP phases from signal-to-noise enhanced vespagrams (see Section and
convert the pP-P and sP-P relative times to depth (see Section . This builds upon

the methodology outlined in [Florez and Prieto (2017)).

The approach presented here can be used to create a high-resolution, regional intermediate-
depth earthquake catalogue using depth phases. The primary aim is the determination of

event catalogues for intermediate-depth earthquakes in subduction zones, but my approach
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Figure 2.1: 2D schematic of the P, pP and sP ray paths from an earthquake hypocentre

(star) to a teleseismic receiver (triangle), and an example vertical component, velocity

waveform from station 034A of the TA network. The waveform is taken from the 23rd
May 2010, my, 6.2 event located at (13.98°S, 74.37°W).

maintains the scope to handle deeper earthquakes in the continental crust, provided a

clear separation between the direct arrival and depth phases is present (Wimpenny et al.),

. Globally, there are many regions which do not possess dense, local seismic networks
and therefore lack near-field data for the constraint of earthquake location — a problem
particularly prevalent in remote or oceanic subduction settings — and it is in these settings
that I anticipate the method presented here will be particularly impactful. Figure

shows the workflow of my approach, which I will discuss in the upcoming sections.

2.2.1 Selecting events

To select candidate earthquakes for relocation, I start from a preliminary earthquake
catalogue containing event locations, times, and magnitudes. For the examples in this
section, I use the International Seismological Centre (ISC) catalogue post-1995, with a
search box over Peru, a depth range of 40-350 km and a magnitude range of my 3.0 to 6.5.
I begin with a catalogue which extends into magnitudes well below where I would typically
expect to detect depth phases and with a larger depth range, in order to determine a lower
magnitude limit for my approach (see Section , and test the ability of my approach
to handle shallower and deeper depth data. For the upper magnitude limit, I choose a
my, 6.5 cut-off because 1 feel that more impact will be achieved by focusing on relocating

smaller, less well constrained events — for earthquakes larger than this, depth phases are
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Figure 2.2: Workflow summarising the key steps of the method. Purple outlined boxes
indicate processes related to assembling the event catalogue, blue outlined boxes indicate
processes related to teleseismic data loading and pre-processing, and green outlined boxes
indicate processes related to depth determination.
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typically detectable in single-station data. Restricting the relocation of upper magnitude
events also limits the application of a point source assumption, as larger earthquakes are

more likely to consist of complex fault plane mechanics and multiple areas of slip.

2.2.2 Data and data processing

For a given earthquake from the event catalogue (Section I take all available vertical
component station data recorded on channels BH and HH at teleseismic distances (30-90°
epicentral angle) from the initial location, from all of the open access FDSN data centres
(see Data Availability section). I limit my station selection to those existing at teleseismic
distances to allow sufficient time for the depth phase arrivals from intermediate-depth
earthquakes to separate, whilst limiting the interference of upper mantle reflections and

triplications.

Individual waveforms are limited to 200 seconds before the event origin time to 1500 sec-
onds after, and subsequently checked and discarded automatically if there are incomplete
traces, missing metadata or instrument responses. All remaining waveforms have their in-
strument response deconvolved, leaving the data recorded in units of velocity, are linearly
detrended, tapered at 5% of the trace length, bandpass filtered between 1-10 seconds using
a 3-corner Butterworth, two-pass filter, resampled to 10 Hz and normalised to their peak
amplitude (see Figure . The final quality checked data will be dynamically grouped

into medium-aperture ad-hoc arrays (see Section [2.2.3]).

2.2.2.1 Determination of optimal filter parameters

I determine an optimum combination of bandpass filter (1-10 s) and seismic data (velocity)
by testing five filter ranges on all three types of data (displacement, velocity or acceler-

ation) for approximately 470 Peruvian intermediate-depth earthquakes and assessing the

performance of my automatic phase picking routine (see Sections[2.2.4.4]and [2.2.4.5)). The

five test bandpass filter ranges were 0.5-15 s, 1-8 s, 1-10°s, 1-15 s, 15-20 s, and were initially
selected based upon the source-time function wavelengths with respect to magnitude in-
cluded in the SCARDEC database (Vallée & Douet), 2016)). I ran the relocation algorithm
from data processing (see Section to phase identification (see Section for
each earthquake using all combinations of the test conditions, and recorded the number

of phases identified per ad-hoc array (with a maximum of 3 for detecting P, pP and sP).

The results indicate that the automated phase picking routine is affected by the seismic
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data type, demonstrating a significantly better performance using velocity data (Figure
), particularly towards the lower and upper bounds of the tested earthquake magni-
tudes. However the detection of depth phases for a given magnitude has a low sensitivity
to the tested bandpass ranges, except the 15-20 second filter which is used to appraise
sensitivity of the results given an unlikely filter (Figure ) It is apparent that the ad-
dition of waveforms with 10-15 second periods provides a marginal advantage for picking
at magnitudes less than 5.4, and a marginal disadvantage at magnitudes greater than 5.4.
Whilst filtering out waveforms in the range of 8-10 seconds reduces the mean number of
phases picked between magnitudes 4.9 and 5.7. The 1-10 second filter provides a more
consistent result over the entire range of magnitudes, and is therefore used for processing
data for my relocation methodology. An adaptive filter dependent upon magnitude has
been tested but offers little improvement over the best fitting filter for the range of mag-
nitudes I am considering. More results from testing for the optimal filter parameters are

included in the Appendix, see Figures [A 1] and [A22]

2.2.3 Ad-hoc arrays

My approach, comparably to others (Tibuleac| 2014; Florez & Prieto, 2017; Craig, 2019;
Fang & van der Hilst}, 2019), relies on the application of array processing techniques to
groups of teleseismic stations, to boost the signal-to-noise ratio of the depth phases, and
increase the likelihood of detection. Craig (2019) stacks global teleseismic data using a
kurtosis detected P wave arrival, whilst |Fang and van der Hilst| (2019)) autocorrelate and
beamform their global teleseismic traces using a simple moveout correction to a reference
epicentral distance. Whilst both of these methods use a global distribution of data, there
is limited scope to account for any 3D velocity structure variations which may exist lo-
cally to the receivers. Florez & Prieto (2017) and Tibuleac (2014) both beamform for a
small number of fixed medium-aperture subarrays/wide-aperture super-arrays of teleseis-
mic stations constructed for western USA; Florez & Prieto (2017) also construct arrays
for western Japan. The use of defined arrays provides an opportunity to individualise
beamforming to the local 3D velocity structure, by allowing data-driven determination of
the local to array slowness and backazimuth parameters, resulting in an improved beam —
see Section [2.2.4.1] However, the distribution of stations reporting at teleseismic distances
for any given earthquake varies due to temporary deployments and the steady increase in

stations over time. Hence, instead of defining a small number of fixed arrays, I incorporate
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Automatic relocation of intermediate-depth earthquakes
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Figure 2.3: Mean number of phases (P, pP or sP) found per moment magnitude as per

GCMT catalogue (Dziewonski et al. [1981; Ekstrom et al., 2012) whilst (a) applying a

1-10 seconds bandpass filter for three seismic data types — displacement, velocity and
acceleration, and (b) applying 5 bandpass filters to velocity data.
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Figure 2.4: Cartoon illustrating how I dynamically create ad-hoc arrays from a population
of stations. (a) initial set of stations to divide into ad-hoc arrays. b) how the DBSCAN
clustering routine assigns core, boundary and noise labels to the stations, assuming that
the minimum number of points required in the neighbourhood within a search radius e
of a core point is 3. (c) shows how the "noise” stations have been removed from the
dataset, and only the mutually exclusive core stations are retained to create well-spaced
and well-populated ad-hoc arrays using the Ball-tree routine.

an algorithm for the dynamic creation of an optimum suite of medium-aperture ad-hoc
arrays from the initial teleseismic population of stations unique to each earthquake. I also

determine the optimum beamforming parameters and automated picking threshold per

ad-hoc array (see Sections [2.2.4.1| and [2.2.4.4)).

I group stations with waveform data which has successfully passed my data quality control
and pre-processing (see Section into medium aperture ad-hoc arrays (see Figure
using a combination of two unsupervised machine learning algorithms — DBSCAN
clustering and Ball-Tree nearest neighbour functions (Pedregosa et al.,[2011) — in a process

developed by Ward et al.| (2023) (Figure [2.4)).

DBSCAN clustering (Ester et al., [1996|) categorises data points into either clusters or noise
depending upon whether the point is part of a neighbourhood based on a set minimum
density of points. The minimum density is defined using a given radius (¢) and a given
minimum number of points, to remove stations which are not densely clustered enough to
be considered for a medium aperture ad-hoc array (noise). The stations which are retained
as part of a cluster are additionally categorised into core or boundary points (Figure [2.4p).
Core points possess the specified minimum number of points within the given radius of
itself (i.e. core stations in Figure have 3 stations within their radius), whilst boundary
points do not. The stations which are core or boundary points are retained for the Ball-

Tree algorithm to divide into ad-hoc arrays.

I then use the Ball-Tree nearest neighbour algorithm (Omohundro, 1989) to identify the

stations (core or boundary) located within the given radius from each core station, each
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core station and its associated stations then become an ad-hoc array. The use of the Ball-
Tree algorithm in this way results in overlapping ad-hoc arrays, where the core station
of one ad-hoc array is contained within the radius of other core station’s array clusters.
A further process weeds out the excess ad-hoc array cores and associated stations, thus
leading to a series of ad-hoc arrays where core stations are mutually exclusive and non-
core stations can be shared (Figure 2.5). The data are then re-organised to reflect the
newly found ad-hoc array groupings. I have tested this routine on regional and global

distributions of seismic stations, with success on both counts.

I test the ad-hoc array creation process for a range of apertures (array diameter) from 167
to 2222 km (1.5 to 20°). Given a 1-10 second bandpass filter, 167 km is approximately
the smallest ad-hoc array aperture I can consider for my target frequency, since the array
aperture should be larger than the longest wavelength of interest in order to form a mean-
ingful beam. If the wavelength is larger than the array aperture, the array has a limited
wave number (or slowness) resolution and the array, essentially, acts as a single station
(Schweitzer et al., [2012). This significantly limits array processing benefits such as an im-
provement in signal-to-noise ratio. Conversely using a wider array aperture increases the
risk of larger velocity structure variations within the array, which increases the probability
that higher frequency, shorter wavelength arrivals will stack incoherently. I observe that
whilst the traces in the ad-hoc arrays coherently stack well between apertures of 167 km
(1.5°) and approximately 1333 km (12°), there is a trade-off between the number of ad-hoc

arrays created, the proportion of stations used, and the ad-hoc array aperture considered.

I find that ad-hoc arrays with a 278 km (2.5°) aperture strike the best balance between
maintaining a plane wave assumption across the included stations (see Figure in
the Appendix), and maximising the number of ad-hoc arrays that can be created from
the station distribution available. Requiring at least 10 stations per array ensures the
wavefield is sampled sufficiently and that there are enough traces in the array to enable
acceptable signal-to-noise improvement. Note that the assigned array diameter represents
a maximum aperture, the ad-hoc arrays created likely contain stations within a smaller
area. For the remainder of the approach, I use 278 km as the maximum aperture for
my arrays, require at least 10 stations in each array and set the geometric centre of each

ad-hoc array as the ‘reference station’.
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Figure 2.5: Example of the ad-hoc array creation process for a my 6.2 event from 23rd
May 2010 located in the Peruvian flat slab portion of the Nazca plate, showing a global
distribution of teleseismic stations and the subsequent ad-hoc arrays on the bottom, and
a zoom in of the ad-hoc arrays created in the USA on the top. The core stations are
shown as thick black circles and the associated ad-hoc array stations as coloured triangles
(different colours correspond to different ad-hoc arrays). 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} Ekstrom et al., [2012).
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2.2.4 Array processing

Once my station population has been divided into ad-hoc arrays (see Section , each
ad-hoc array is then passed through an array processing and analysis loop, aiming to boost
signal-to-noise sufficiently enough for the depth phases to be automatically picked, iden-
tified and their differential arrival times to be calculated (see Figure [2.2)). The differential

times found per ad-hoc array are collected together to determine a final hypocentral depth

(see Section [2.2.5)).

2.2.4.1 Determining optimum beamforming parameters

Beamforming involves the alignment, stacking and normalisation of an array of seismic
traces to enhance the amplitude of smaller amplitude arrivals, such as depth phases. In this
section I adopt P wave beamforming to determine the optimum backazimuth and slowness
parameters directly from the ad-hoc array trace data, to be used when beamforming the
depth phases later in Section [2.2.4.2] This process, as I show, is particularly important for
the dynamic medium-aperture ad-hoc arrays I construct, as it compensates for the locally-
variable velocity structure below each array. See Section for a full explanation of the

standard beamforming process, including Equation (1.1

The beam is formed for a specific horizontal slowness and backazimuth, assuming the
propagation of a plane wavefront across the array — this is a good approximation for the
chosen array size. Theoretical values for the slowness and backazimuth can be calculated
using the relative location of the earthquake source to the reference location, and assum-
ing propagation along a great circle path, combined with ray tracing through an assumed
1-D velocity structure. Alternatively, a process such as F-K analysis or beampacking can
be used to determine optimal, locally-calibrated values for arrivals from a given earth-
quake (Rost & Thomas|, [2002; [Florez & Prieto, 2017)). Beampacking is the time domain
equivalent to F-K analysis and searches over a grid of slowness and backazimuths for
beamforming, to determine the values which produce the beam with maximum amplitude

within a selected time window (typically centred on a specific phase arrival).

To directly extract the optimal slowness and backazimuth values from each ad-hoc array,
I perform beampacking on a narrow time window centred on the predicted direct P wave
arrival. The traces are trimmed to 17 second time windows around the predicted P arrival

time calculated using the ak135 1-D Earth model (Kennett et al |1995), and beamformed
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Figure 2.6: P wave amplitude during beamforming in polar coordinates (backazimuth and
slowness) to determine the best-fit backazimuth and slowness parameters directly from the
ad-hoc array traces. The open red circle shows the theoretical slowness and backazimuth
found through calculation and the corresponding phase-weighted beam to the top right.
The filled red circle shows the beampack derived values and the resultant phase-weighted
beam to the bottom right, showing the importance of measured backazimuth and slowness
values. Example from my 6.2 event from 23rd May 2010, ad-hoc array at 49.2° epicentral
distance.

relative to the reference station of the ad-hoc array according to Equation ??. The length
of the time window has been found by trial and error, it aims to preserve the P arrival
and exclude minimally separated depth phases from shallower events, whilst allowing a
margin of error in the modelled P arrival time due to 3D velocity structure. I test a 30x30
grid of backazimuth and slowness values during my beampacking routine, the ranges of
which are centred upon the theoretical backazimuth and slowness values. For backazimuth,
the tested values range from the geodetic backazimuth value +15° in 1° intervals, whilst

slowness is tested from the modelled slowness value £0.04 s/km in intervals of 0.001 s/km.

The maximum amplitude of each beam (assumed to be the P arrival) is extracted and
mapped onto a polar grid, with slowness displayed along the radius and backazimuth given
by the bearing (Figure . The beam providing the largest amplitude indicates the best
fitting, optimal slowness and backazimuth for the event P arrival for the ad-hoc array,

both values can be read directly from the plot.

I find that beams created using the data-derived, observationally-constrained backazimuth
and slowness values account for near-receiver velocity structure variations and the resul-

tant 3D raypath propagation effects, which significantly reduces impact from incoherent
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Figure 2.7: Normalised vespagram from an ad-hoc array located at an epicentral distance
of 49.2°, for the my 6.2 event from 23rd May 2010. Phase arrivals are labelled.

noise, compared to the beams constructed with theoretically-derived parameters. The
improvement between a beam constructed using parameters calibrated to produce max-
imum amplitude for the direct arrival, and one using the theoretical values can be seen
in Figure (an alternative display can also be seen in Figure located in the Ap-
pendix). The optimal backazimuth and slowness parameters found through beampacking
are used for beamforming ad-hoc array traces in Section to increase the likelihood

of automatically detecting and picking depth phases.

2.2.4.2 Vespagrams

I use vespagrams to assess the quality of the ad-hoc array data for the automated picking
routine (see Section [2.2.4.4] and Figure [2.2)). Vespagrams are an array process which
display a series of beams for a range of slownesses or backazimuths (Rost & Thomas,

2002).

My vespagrams highlight the time and slowness using a fixed backazimuth where phase
arrivals are most coherent, by beamforming the ad-hoc array per slowness using Equation
??. They are constructed using the same reference stations and best fitting slowness and
backazimuth values found during beampacking (see Section . The resulting traces
are stacked using phase weighting (Schimmel & Paulssen), 1997) with a power of 4 to

amplify the signal relative to the noise, before being constructed into a vespagram (Figure
27).

The resulting plot allows for the identification of the most coherent beamform, which also
illustrates the time of each phase arrival, assuming that the noise is diminished enough

to allow the stacked phase arrival amplitudes to display significantly. Vespagrams for
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each ad-hoc array are subject to quality control based on the clarity of signals along the
expected slowness range and the overall noise content, with low quality vespagrams being
removed from the relocation process (See Section [2.2.4.3). Remaining vespagrams, and

their ad-hoc arrays, are passed to the automated picking routine (see Section [2.2.4.5)).

2.2.4.3 Assessing vespagram quality

To limit the progression of poor quality ad-hoc arrays in order to assist the subsequent
automatic picking routine (see Section, I apply two quality assessments to each ad-
hoc array. The first assessment uses cross-correlation to consider the individual traces of
the ad-hoc array relative to the beam formed using the optimal backazimuth and slowness
parameters found in Section [2.2.4.1] The second check assesses the signal-to-noise of
the entire vespagram by considering the highest amplitude phases and their slowness

distribution.

In order to assemble a clean ad-hoc array beam, traces significantly different from the
beam are identified using a cross-correlation approach, and removed (see Appendix .
Each time-shifted trace is trimmed around the expected P wave arrival and compared to
the ad-hoc array P wave arrival of the beam. A cross-correlation coefficient of greater
than 0.3 is required alongside a maximum time shift of 0.5 seconds for the trace to be
deemed constructive to the ad-hoc array beam. Traces which fail to meet these criteria
are discarded. Once a set of final traces is determined, the processing of the ad-hoc array
is restarted (e.g. the beampacking derived slowness and backazimuth are re-determined).
The cross-correlation check will not be repeated. The algorithm will pass over the check
and continue to the construction of vespagrams for further data quality assessment. If
fewer than 8 traces remain in the ad-hoc array after the cross-correlation check, the ad-

hoc array will be removed from analysis.

For the second quality assessment, I check that the highest amplitude signals present in
the vespagram align closely to the expected slowness found during beampacking, assuming
that pP and sP phases travel at a similar slowness to the P arrival. Vespagrams lacking
coherent arrivals both above the background noise level and at a consistent slowness will
exhibit a greater standard deviation of their most coherent phases away from the expected

slowness.

I implement this check by extracting the sample points (10 Hz sampling rate) on each
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Figure 2.8: Four ad-hoc arrays from four different earthquakes demonstrating the deter-
mination of vespagram quality thresholds (see Section [2.2.4.3]). Each set of three panels
shows from top to bottom, the vespagram (see Section [2.2.4.2)) with all picks in yellow
(see Section , the optimum beam with picks and the corresponding DBSCAN ves-
pagram quality test (see Section . The blue vertical lines indicate the time window
used to assess data quality. ad-hoc array (a) is from the m; 6.2 event from 23rd May 2010
at an epicentral distance of 48.99°. (b) the my 6.4 event from 10th October 2017 at an
epicentral distance of 78.35 °. (c¢) the m; 5.1 event from 15th May 2014 at an epicentral
distance of 88.36 °. (d) the mj 4.9 event from 7th June 2006 at an epicentral distance of
63.27 °.
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vespagram (made up of beams stacked at 0.001 s/km slowness intervals) which possess
an amplitude greater than 60% of the maximum value within a time window (98% of
the modelled P to 102% of the modelled sP arrival time) incorporating the modelled
arrival times for P, pP and sP, whilst retaining their slowness and time information. In a
coherent vespagram, these points should gather around key phase arrivals approximately
with a slowness found by the beampacking process (see Section if the phases
are derived from the P wave and its coda. I apply the DBSCAN clustering algorithm
(Ester et all [1996) to identify significant groups of coherent points (coloured crosses in
lower panel for each event on Figure and calculate the centres of the clusters (red
points on Figure . The centres are used to determine mean slowness across the arrival
clusters, weighted according to the size of the cluster, and the standard deviation of the
cluster centres. In order to continue through to the relocation stage, a vespagram needs
to exhibit a mean cluster slowness within 0.006 s/km of the beampacking slowness and a

cluster centre standard deviation of less than 0.0105 s/km.

Ad-hoc arrays which form vespagrams that display high amplitude phase arrivals located
within 0.006 s/km of the expected P arrival slowness found via beampacking (See Section
will pass the quality check (Figure ) and be automatically picked for P, pP and
sP arrivals, if present, by the process described in Section Figure [2.8] also shows
examples of ad-hoc array vespagrams which fail the quality check — due to the standard
deviation of the cluster centres about the threshold (b), a weighted mean slowness outside

the bounds (c) and due to both the standard deviation and weighted mean (d).

After the cross-correlation and vespagram quality checks, the remaining ad-hoc arrays
should have noisy traces removed to allow the cleanest beam to be stacked, and have
demonstrated coherent vespagrams with respect to slowness. See Appendix showing
the mean percentage of arrays removed per magnitude due to the quality assessments
used for the Peruvian event catalogue defined in Section [2.2.1}] For earthquakes with
magnitudes below 4.7, the mean percentage of arrays removed is 86.4%, indicating a very
low success rate and confidence when my relocation approach is applied to events with
magnitudes lower than 4.7. Above magnitude 4.7, there is — unsurprisingly — a negative
correlation between earthquake magnitude and the mean percentage of arrays removed as
higher magnitude earthquakes tend to generate larger amplitude, more coherent signals.

The quality assessments increase the probability that the automated picking routine (see

Section [2.2.4.4]) will succeed.
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Figure 2.9: Example of the automatic picking threshold found for an ad-hoc array at an
epicentral distance of 48.31° from the m; 6.2 event on 23rd May 2010. (a) distribution of
amplitude values for the ad-hoc array beam with respect to the percentile, the approxi-
mation of the beam with two lines, their intersection and the final threshold found. (b)
threshold relative to the phase-weighted beam.

2.2.4.4 Automated picking routine

I take the ad-hoc arrays which have passed the vespagram quality check outlined in Section
and pick the P, pP and sP arrivals with an automated routine (Figure . The
picks found via the automatic picking routine subsequently have phases assigned to them
during the phase identification stage (see Section , before the differential times
between pP-P and sP-P are calculated to convert for depth (see Section. I describe

the automated picking routine in this section.

The routine uses the envelope of the phase-weighted beam created at the best fitting
slowness (see Section — I shall call this beam, the optimum beam. The approach
identifies peaks along the optimum beam with a significant prominence above a dynamic
threshold, calculated from the distribution of the beam amplitudes. The use of a dynamic
threshold, as opposed to a window based approach, decreases dependence upon the velocity
model and the modelled phase arrivals, however the risk of extra and/or misidentified picks
increases. I handle this issue by applying a phase identification step, described in Section

2.2.4.0]

During the automated picking routine, the optimum phase-weighted beam for the ad-
hoc array is trimmed, using arrival times determined through the ak135 1D Earth model
(Kennett et al, [1995), to only include the expected P, pP and sP phases. The envelope
of the trimmed beam is calculated and peaks with a prominence exceeding 15% of the

maximum amplitude peak are identified.

The identified peaks are further filtered by a dynamic amplitude threshold, which is found

using the distribution of amplitude in the trimmed envelope data. When the amplitudes
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of the data are plotted against the percentile, there is a rapid increase in the amplitudes
associated with the higher percentiles of the data which correspond to the coherent phase
arrivals (Figure . I find the onset of the amplitude increase by approximating the
pre- and post- increase slopes with lines and determining their intersect. The percentile
associated with the intersect can thus be converted into its corresponding amplitude — the
threshold amplitude (Figure . Any peaks found to be higher in amplitude than this
threshold will be preserved as potential picks for phase identification (see Section .

2.2.4.5 Phase identification

During the automated picking routine (see Section issues can arise in instances
where an expected phase lacks sufficient amplitude to be observable (allowing for phase
mis-identification) or more than three peaks are identified during the automatic picking
routine (leading to ambiguity in phase identification). Here I develop a phase identification
routine (see Figure for placement of the routine in the overall approach, see Figure
for the phase identification workflow) to identify picks which correspond to the expected
phases. If one of the P, pP or sP phases are missing from the vespagram, the routine will
only identify the phases present. Unfortunately, this process is reliant upon a reasonable
initial event depth (within +40 km of the relocated depth) taken from the initial event

catalogue (see Section [2.2.1]), the velocity model and the resulting modelled arrivals.

Initially, the routine checks that the current set of picks are significantly greater in ampli-
tude than the background noise of the data. I approximate the background noise amplitude
by extracting 40 seconds of the optimum beam envelope recorded immediately before, yet
not including the expected P wave arrival, and calculating the mean amplitude. For
each pick, the ratio between the amplitude of the envelope at the pick and the calculated
background noise must exceed 5 (following [Florez and Prieto| (2017)) to be considered

significant enough to be continued as a phase pick candidate.

The routine subsequently considers each remaining pick relative to one another, calculating
the differential times between all the possible pairs of picks. Ad-hoc arrays with single
picks are no longer considered at this point. Differential times between the pairs of picks
are then compared with the 1D modelled differential times for pP-P and sP-P determined
using the ak135 velocity model (Kennett et al., [1995), and any pairs with a differential
time within +25% of the modelled pP-P or sP-P differential times are taken forward as

reasonable candidates.
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For earthquakes at the shallow end of the depth range I consider, modelled differential
times within £25% for a given pair will provide a very small time margin. To address this
issue I replace the margins with constant values of 8.5 and 12.5 seconds when the 25%
margin becomes less than 8.5 seconds for pP-P and 12.5 seconds for sP-P, respectively.
These constant margins are based upon the possible error in differential times assuming

that the earthquake is within £40 km from the initial catalogue depth (see Appendix|A.7]).

At this stage, the routine has pairs of picks which have been identified as candidates for
either the pP-P pairing or the sP-P pairing, which need to be reconciled. If there are
only candidates for either the pP-P or sP-P pairing, the largest combined amplitude pair
is selected. If there are candidates for both pairings, I start by checking for a compatible
set of pP-P and sP-P pairs by searching for matching P picks between the pairs, and
for a reasonable separation in time for the associated pP and sP picks — a differential
time within +25% (or 5 seconds, if +25% is less than 5 seconds) of the modelled sP-pP
time. If only one complete P, pP and sP trio remains after this step, I select these as my
final picks. If multiple trios remain, the complete set of picks with the largest combined
amplitude is selected as the final picks. This assumes that the P arrival, and the depth
phases, form the largest amplitude peaks. If there are candidates for both sets of pairs
which cannot co-exist (i.e. their P arrivals do not match), the P candidate with the largest
amplitude will be chosen preferentially and the associated depth phase selected. Note that
the phase identification routine requires a P-arrival to output final picks — a requirement
which would exclude ad-hoc arrays that are nodal or near-nodel on the P wave radiation

pattern.

My process ensures that only good quality ad-hoc arrays with clear P, pP and/or sP
arrivals are picked and identified. Finally I calculate the differential times between the
final depth phases and their P arrival. I pass the ad-hoc array results through to the depth
conversion stage (see Figure , where both the pP-P and the sP-P times, if found, will

be used to determine an event depth (see Section [2.2.5)).

2.2.5 Depth conversion

After processing all of the ad-hoc arrays for a given earthquake, the algorithm considers
the results from each ad-hoc array (i.e pP-P and sP-P differential times) relative to one
another. The ad-hoc array outputs are post-processed to remove obvious outliers and

provide final depth statistics (see Figure .
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To remove results from anomalous ad-hoc arrays, I calculate apparent depths for all of
the pP-P and sP-P differential times (see Section in order to directly compare
pP and sP results and thus, create a larger population for identifying outliers. The depth
conversion is a simple forward model. A range of test depths are defined from the initial
catalogue depth (see Section 440 km, with 0.1 km intervals. For the ad-hoc array
in question, the differential travel time for each test depth is forward modelled. The test
depth with the smallest residual between the modelled and the determined differential
times is determined as the best fit depth for this ad-hoc array. This is conducted indepen-
dently for the pP and sP results of each ad-hoc array initially to achieve the distance-depth

population.

I apply a linear regression to the resulting distance-depth population, whereby ad-hoc
array depths which exceed the median +1.3 of the standard deviation are removed from
the dataset. These depths typically correspond to mis-picked and/or mis-identified phases,
for the linear regression to be effective, I assume that there are more correct picks than
mis-picks. I use the median as it is less susceptible to outlying data-points. Remaining
ad-hoc arrays are used in a second forward model designed to determine depth per ad-hoc
array by minimising the residual between the modelled differential times for both the pP
and sP differential times. The median depth found from the ad-hoc array population
using both the pP and sP differential times simultaneously provides the best indicator of

the final earthquake hypocentre depth.

There is the option to use any 1D velocity model for the final depth determination.
Throughout the depth conversion for the Peruvian data (see Section , I use a re-
gionally modified version of ak135 1D velocity model (Kennett et al., [1995). To develop
the model I take the 3D velocity cube for the region determined by |Lim et al.| (2018)), ex-
tract the velocities above the location of slab indicated by the Slab2 model (Hayes et al.,
2018) and average the velocities per depth interval. I then replace the upper portion of the
1D ak135 velocity model with the values determined from the regional 3D velocity cube.
Alternatively, there is flexibility to pass the cleaned differential pP-P and sP-P times into
an alternate depth inversion algorithm, such as ISCloc (see Chapter [4)) developed by the
ISC (Bondar & Storchakl, 2011]).
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2.3 Validation

2.3.1 Single event

I test the relocation algorithm outlined in Section on a magnitude 5.5 event from
northern Chile which occurred on the 4th December 2008. This event is catalogued with
a depth of 108.8 km by the ISC, and has previously been updated to a depth of 117
km by Florez & Prieto (2017) using 12 fixed medium-aperture arrays and a pP depth
phase-based methodology in conjunction with the ak135 1D velocity model (Kennett et
al., [1995). Using the same velocity model, and my adaptive ad-hoc array approach, I find
a depth of 119.5 km from 86 ad-hoc arrays (Figure . The ad-hoc arrays demonstrate
a strong sP arrival and, if present, a substantially weaker pP arrival, which has allowed
the sP-P differential times to significantly weight the final depth determined. This likely
accounts for the slight difference to the depth determined by |Florez and Prieto| (2017)),

whose approach only used pP-P delay times.

2.3.2 Regional catalogue comparison

To further assess the performance of my new earthquake relocation algorithm, I relocate
the same earthquakes as presented in the regional catalogue of Craig| (2019) from northern
Chile. |Craig (2019) stacked a global teleseismic dataset per candidate depth to identify
the optimal depth to beamform depth phases, and hence determine hypocentre depth. As
both studies use global teleseismic datasets and fix the latitude and longitude coordinates
of the hypocentre during relocation, the results should be comparable. One key difference
between this study and the study of |Craig (2019) is the automation — this study uses
a fully automated methodology, whilst |Craig (2019)) take a semi-automated approach,
including automated stacking and phase picking using kurtosis, manual choices concerning

the number of depth phases to pick, and by-hand quality control checks.

The compared earthquakes range from moment magnitudes of 4.8 to 6.4, and are found
between 10 and 280 km depths (Figure . To ensure a thorough comparison, I have
applied the same velocity model as |Craig (2019) for the depth relocation step of the
algorithm (see section. My relocation depths are in good agreement, demonstrating
a mean difference in depth of 4.13 km and a strong alignment of the line of best fit to
the the 1:1 ratio. There are a number of events with differing results, those with larger

residuals are towards the lower end of the magnitude scale. Ishow two example events with
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Figure 2.11: Example ad-hoc arrays, their automatic picks and differential times between
phases for the Mw 5.5 event which occurred on 4th December 2008 in northern Chile, and
plots illustrating all ad-hoc array differential times against epicentral distance to determine
a final event depth. (a) and (b) are the vespagram and optimum beam respectively for an
ad-hoc array at an epicentral distance of 69.9°, whilst (c¢) and d) are the vespagram and
beam for an ad-hoc array at an epicentral distance of 78.4°. Blue vertical lines indicate the
time window of data used for automatic picking. (e) and (f) show distance-differential time
plots for pP-P and sP-P respectively. For this event the sP arrivals are clearly observed
at each ad-hoc array, whilst the pP arrivals are significantly less apparent and smaller in
amplitude. The differential times for sP-P seen in plot (f) are therefore more consistent
with respect to epicentral distance than the pP-P times seen in (e), and noticeably weight
the final hypocentral depth of 119.5 km.
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Figure 2.12: Depths of northern Chilean earthquakes as found by |Craig| (2019)) against the
depths found in this study.

differing depths in the Appendix (Figure , which I believe are relocated well with my
new approach, despite a disagreement in depth. These results demonstrate that my fully
automated, computationally-efficient relocation approach for northern Chile is performing
well compared to previous semi-automated and manually quality controlled routine. The
catalogue comparison also demonstrates that my methodology can relocate events which
are shallower than intermediate-depth earthquakes (<40 km). I have previously tested
this with a moment magnitude 5.3 event in Algeria, with a depth of 31 km (Wimpenny

et al.; |2023)). A map and two cross sections of the Chilean catalogue are in the Appendix,

see Figure [A.9]

2.4 Regional application — Peruvian flat slab

The Peruvian flat slab region is a zone of relatively shallow subduction located directly
underneath Peru. It extends approximately 1600 km NW-SE and 300 km down-dip,
plateauing at around 100 km depth (Hayes et al., 2018) before subducting further into the
mantle at a 30° dip (Portner & Hayes, |2018). Its location has been recently refined and

updated through integrating seismicity with tomography for the Slab2 model (Portner
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& Hayes|, |2018)) — a global dataset of depth data for subducting slabs. However there
is currently no regional intermediate-depth earthquake catalogue which incorporates the
entire flat slab. A wholesale catalogue for the flat slab is likely to prove useful when it
comes to trying to establish controls upon flat slab formation and intermediate-earthquake

distribution, in addition to questions related to the slab geometry and structure.

I present results from a magnitude 4.7 event in Figure to demonstrate the ability
of the algorithm to successfully relocate small magnitude earthquakes and the potential
to adapt the algorithm to push the lower magnitude bound further. The event has been
relocated from a depth of 43.3 km provided by the ISC to 46.6 km using my approach.
Notably there is an extra phase in Figure (a) and (b) between the P and pP arrivals,
also seen on several other ad-hoc arrays’ data, which may be a pmP arrival. A pmP wave
is a near-source Moho reflection which can be used relative to the pP arrival time (See
Chapter@ to determine crustal thickness (McGlashan et al., [2008). The detection of such
phases highlights the potential for the relocation algorithm presented in this chapter to
be adapted to boost the signal-to-noise ratios of alternative small amplitude arrivals, and

automatically detect them for further analysis.

Additionally in Figure[2.14]I demonstrate the outputs of the my, 6.2, 23rd May 2010 event.
The vespagrams are from ad-hoc arrays located at 48.3° and 64.8° from the epicentre, and
the new depth determined is 102.8 km from an initial depth of 99.6 km from the ISC. Note
that with mean uncertainties of approximately 3 km (see Section , these depths are

not significantly different.

2.4.1 Determining a lower magnitude limit

I determine an appropriate lower magnitude threshold for my approach using the Peruvian
relocation results. The event catalogue tested contains earthquakes from my 3.0 to 6.5
from post-1995 taken from the ISC (see Section . By considering the number of
relocated events relative to the total number of events in the catalogue, and the number
of ad-hoc arrays with at least either a pP-P or sP-P differential time relative to the total
number of ad-hoc arrays made per magnitude. I find a lower threshold of my 4.7, where the
algorithm ceases to obtain consistent results due to a significant reduction in the number
of high quality ad-hoc arrays (see Figure . Whilst depth phases can be found for
smaller events, close inspection of the resulting vespagrams indicates that the true success

rate of my routine rapidly decreases below my 4.7 — I find that coherent noise is typically
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Figure 2.13: Example ad-hoc arrays, their automatic picks and differential times between
phases for the my 4.7 event which occurred on 27th May 2022 in Peru, and plots illustrating
all ad-hoc array differential times against epicentral distance to determine a final event
depth. (a) and (b) are the vespagram and optimum beam respectively for an ad-hoc array
at an epicentral distance of 62.8°, whilst (¢) and (d) are the vespagram and beam for
an ad-hoc array at an epicentral distance of 74.9°. Blue vertical lines indicate the time
window of data used for automatic picking. (e) and (f) distance-differential time plots for
pP-P and sP-P respectively. Plots (e) and (f) show that depth phase picks can be difficult
to pick well automatically and gather consistent differential times, however a large number
of data points (124) helps to combat the poorer picks.
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Figure 2.14: Example ad-hoc arrays, their automatic picks and differential times between
phases for the my, 6.2 event which occurred on 23rd May 2010 in Peru, and plots illustrating
all ad-hoc array differential times against epicentral distance to determine a final event
depth. (a) and (b) are the vespagram and optimum beam respectively for an ad-hoc array
at an epicentral distance of 48.3°, whilst (c) and d) are the vespagram and beam for
an ad-hoc array at an epicentral distance of 64.8°. Blue vertical lines indicate the time
window of data used for automatic picking. (e) and (f) show distance-differential time
plots for pP-P and sP-P respectively. On plot (e) the deeper picks determined from ad-
hoc arrays at epicentral distances over 80° appear anomalous, these are located in Europe
where perhaps the velocity model is not fitting the ray path well. Plot (f) shows that for
this event sP picks can be more difficult to pick well automatically and gather consistent
differential times. The cluster of ad-hoc arrays near a depth of 108 km occur due to a
slight mispick as demonstrated by sP picks seen in (c¢) and (d).
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Figure 2.15: Determining the lower magnitude limit for my approach using the Peruvian
catalogue containing 8796 earthquakes from my 3.0 to 6.5 which have occurred post 1995,
taken from the ISC. Ratio of successful versus failed relocations for total ad-hoc arrays
per 0.1 magnitude. The dashed line highlights my my 4.7 limit.

picked on the low number of ad-hoc arrays remaining after data quality checks, which
skews how successful these events appear. 1 therefore suggest my 4.7 as an operational

magnitude limit, and recommend inspection of formative lower magnitude events.

2.4.2 Assessing error

To provide a quantitative measure of the uncertainty present in the pP-P and sP-P dif-
ferential times, which are later converted to depth, I jack-knife the traces of each ad-hoc

array used to determine the final depth relocation of each earthquake.

For each ad-hoc array, I randomly remove one trace and pass the remaining traces through
the processing and analysis loop. This tests the dependence of the ad-hoc array’s results
upon a single trace. Since the minimum number of traces permitted in an ad-hoc array is
8 (see Section [2.2.4.3)), I jack-knife (Efron & Tibshirani, [1986; [Korenagal, 2013) the traces
and run the loop 8 times, before running the loop once more with all of the traces included
to give a total of 9 runs per ad-hoc array. The same trace is not removed twice, therefore

each ad-hoc array can have a maximum of 9 pP-P and 9 sP-P times, and therefore a
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maximum of 18 associated depths.

After jack-knifing each ad-hoc array for a single earthquake, I post-process the results
identically to the usual relocation routine and calculate the median absolute deviation
of the remaining ad-hoc array distance-depth data points to assess how the differential
times uncertainty translates to error in depth. This is repeated for every earthquake
in the relocated catalogue, ensuring an event-specific uncertainty is determined for each
relocated earthquake depth. I also preferentially use the median event depth found from
the jack-knifed ad-hoc arrays as my final hypocentral depth — the larger number of data
points typically provides a more precise depth and this value relates directly to the errors

calculated.

For my regional catalogue, I remove events with zero error, thus removing events with
their depths determined from a single ad-hoc array. I also remove events with an exact 40
km depth change from the original ISC catalogue, as these indicate events which cannot
be relocated by my approach due to the +40 km test depth limit used during depth
conversion. I additionally limit the events to between my 4.7-6.5. The remaining events
demonstrate errors ranging between 23.10 km and 0.05 km with a mean uncertainty of
3.13 km. For my final regional catalogue I choose to not include events providing errors
greater than 20 km, the errors for the final catalogue vary between 0.05 and 18.40 km, with
a mean uncertainty of 3.05 km — less than 5% of the events have errors >10 km. These
uncertainties are illustrated as error bars on the Peruvian catalogue shown in Figure|2.16
The mean difference between the final catalogue depths and the initial ISC depths is
4.18 km, however the use of different velocity models will systematically factor into this

variation — see Figure in the Appendix.

2.4.3 Relocated Peruvian catalogue

The final Peruvian catalogue demonstrates the automatic relocation of 620 earthquakes,
and shows 3 broad zones of seismicity (Figure [2.16p) approximately between latitudes
1-7°S, 7-13°S and 13-19°S — the northern and southern most zones are located over the
areas where the flat slab portion of the Nazca plate is transitioning into a steeper slab
dip. The seismicity between 7-13°S includes the Pucallpa Nest, which is thought to be
related to both the Mendana Fracture Zone and a local slab sag (Wagner & Okal, 2019).

The three cross sections (Figures , c and d) aim to target these zones.
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Figure 2.16: Peruvian flat slab catalogue with error bars determined though jack-knifing
the ad-hoc arrays. The figure shows events with magnitudes between my 4.7-6.5, and
have final relocated depths between 40-350 km with errors of less than 20 km. (a) is the
map of Peru, with the relocated hypocentres (scaled in size to magnitude), example cross
section locations and Slab2 contours plotted (Hayes et al. [2018). (b), (¢) and (d) show
the example cross sections with my relocated hypocentral depths in colour and with their
error bars, the original ISC hypocentres which I relocated are in dark grey and also scaled
in size to magnitude. ISC hypocentres which were not relocated by my approach are in
pale grey.
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These profiles (Figures and ) demonstrate the flat slab, with intra-slab events
occurring at the initial bend into the flat slab configuration approximately 100-300 km
from the trench, and additionally when the slab bends again into the mantle between
450-750 km from the trench, with a largely aseismic stretch between the two bends. This
observation supports the link between flexural bending of the down-going slab and the
occurrence of intermediate-depth earthquakes due to the resultant intra-slab deformation
(Sandiford et al., 2019). Figure also looks to have two layers of seismicity within the
Pucallpa Nest, approximately 600 km from the trench. This could indicate the presence
of a double seismogenic zone in central Peru, however further analysis would be required

to determine if the apparent layering is a real feature — see Sections [4.2.2| and [7.3.4] for

updated Pucallpa Nest cross sections with bounce-point corrections included.

Figure demonstrates the steeper slab dip which the flat slab transitions into north
and south of Peru. Whilst the section does capture events occurring at variable slab dips
in and out of the projection plane — note the two events at approximately 375-400 km
from the trench at depths of 230-260 km — it is apparent that a new regional slab top
deviating from Slab2 (Hayes et al., |2018)) may be needed for the Peruvian portion of the
Nazca plate. The tailored quantitative errors for each event determined from jack-knifing

my ad-hoc arrays will help to inform future interpretations of the final catalogue.

2.5 Limitations

2.5.1 Assumed point souce

For a hypocentral depth to be relocated, there is an automatic assumption that the seismic
signal is emitted from a discrete spatial point. In reality whilst this can be a sound as-
sumption for smaller magnitude events, larger earthquakes will likely have spatiotemporal
evolution of their ruptures and focal mechanisms. For example, the M, 8.0 intraslab event
which occurred in Peru on the 26th May 2019 demonstrated multiple rupture episodes
(Hu et al., [2021) with two large slip areas approximately 120 km apart (Liu & Yao, 2020)).
Complex rupture propagations, and the spatial areas they cover, are not taken into consid-
eration whilst relocating the earthquake depth. I limit the magnitude of the earthquake
events I consider to m; < 6.5 in order to avoid ruptures that appear complex at the

frequencies used in my approach, and to assist the assumption of a simple point source.
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2.5.2 Velocity model

Currently, the automated routine I have developed uses a 1D global velocity model modi-
fied to reflect regional variation in lithosphere velocity structure to predict phase arrivals,
and invert the differential times for depth. The 1D velocity model does not take into
account the near-source variance in crustal structure and topography the depth phases
are experiencing with respect to receiver azimuth. To address this limitation I would need

to incorporate a 3D velocity structure and ray tracing into the relocation algorithm.

However, the algorithm possesses the flexibility to outsource the depth conversion to an
alternative inversion algorithm, which may use a 3D velocity structure during depth relo-
cation — the phase picking routine is independent of the predicted phase arrival times and
the phase identification routine has a modest margin of error built in to account for ray
path errors. Additionally, the greater the epicentral distance of the station (i.e. further
than 30°), the closer the depth phase bounce points exist to the event epicentre. This
limits the velocity variations the depth phases experience relative to one another. Most
teleseismic stations, and hence the ad-hoc arrays, are situated more than 30° from the

event epicentre.

2.5.3 Shallow events

The ability to relocate shallow earthquakes depends upon whether there is sufficient sep-
aration between the direct arrival and its corresponding depth phases to allow the identi-
fication of distinct arrivals, which in turn is dependent upon the source duration (which
broadly scales with earthquake magnitude). If the source duration of a shallow earthquake
is small, the likelihood that the phases will separate enough to allow relocation to occur

increases.

The relocation algorithm presented here has been designed to relocate earthquakes which
occur between 40 and 350 km depth, however, I have observed robust relocations for depths
sub-40 km. Whilst earthquakes with short source durations and depths down to ~15 km
have been relocated by the algorithm as it currently exists, some adaptations would be
necessary to increase confidence in the phase identification routine for events sub-25 km

deep.
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2.5.4 Focal mechanism

In some cases the combination of station azimuth with takeoff angle results in a P wave
ray path where the pierce point aligns with one of the event’s nodal planes. When this
happens there will be no detectable P arrival at the station due to the P wave radiation
pattern. Without a P arrival, the relocation algorithm presented here cannot be used.
Ad-hoc arrays containing data without a P wave arrival will be discarded by the phase
identification routine (see Section , thus reducing the pool of ad-hoc arrays used

to determine event depth.

Similarly, the detection of each individual depth phase depends upon the phase having
a detectable amplitude, and is therefore limited in cases where the pierce point for that
phase intersects with the radiation pattern nodal plane. Hence, even when P is clearly
detectable, one or both of pP and sP may have small amplitudes, and be undetectable.

This is the principal contributor to the complexity in my phase identification routine.

2.5.5 Station density

For a robust depth determination using my relocation algorithm, the formation of multiple
ad-hoc arrays is required. For multiple ad-hoc arrays to be formed, I need a dense distri-
bution of seismic stations, ideally spanning a range of distances and azimuths. Whilst the
growth of seismic network coverage means future events will have a wealth of data recorded
by the expanding open access seismic networks, historic events sometimes lack coverage.
Events occurring pre-2000 struggle for data with a great enough station density for ad-hoc
array formation under the criteria outlined in Section [2.2.3] The exceptions to the rule are
events from the 1990s which contain dense, targeted station networks within teleseismic
distances, such as the seismometers associated with the Southern California Earthquake
Data Centre, or dense networks installed as part of temporary regional deployments. Yet
even these events will suffer from a lack a backazimuthal variation if, for example, the
nodal plane of the event focal mechanism aligned with the few existing ad-hoc arrays (see
Section . Despite the occasional dense network available during the 1990s, older
events are likely to suffer from the low density distribution of seismic data. The approach

is unlikely to work pre-1990s due to a lack of global data.
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2.5.6 Automation

I have consciously set high quality control measures in order to build confidence in the auto-
mated results. Consequently, clean coherent data may occasionally be discarded alongside
poorer quality data. Equally, despite the high quality control measures, the occasional
poor quality data ad-hoc array, or misidentified phase, may proceed through to the depth
determination steps. I aim to capture the uncertainty of the new event depths based upon

poorer quality data within the jack-knifing error estimations (see Section [2.4.2)).

2.5.7 Maximum catalogue depth error

The phase identification routine and the depth conversion are designed to accommodate a
maximum of 40 km error in the initial catalogue depth. The phase identification routine
relies upon the predicted phase arrivals plus margins of error calculated from a potential 40
km error in the initial catalogue depth, and the forward modelled test depths are limited
to £40 km of the initial catalogue depth. Any events which require an updated hypocentre
depth that is greater than 40 km from the initial depth catalogue will not be correctly

relocated, and hence would be excluded from a catalogue determined using my routine.

T use the ISC event catalogue as my initial catalogue as I expect that the event hypocentres
they calculate are within 40 km of the depths I calculate using my algorithm, although I

acknowledge that in rare cases, this may not be the case (e.g. |Craig et al., [2023).

2.6 Conclusion

In this chapter, I present a fully automated, dynamic approach to constrain the depths of
intermediate-depth earthquakes using depth phases. Depth phases are difficult to detect
on single station seismic data, therefore I leverage the increasingly available global seismic
data to construct adaptable ad-hoc arrays and apply array processing techniques, in order
to significantly boost the detectability of both pP and sP. I use the differential times
between the depth phases and their direct P arrival in conjunction with an appropriate 1D
velocity model to determine hypocentral depth. Using this approach I am able to reliably
generate regional catalogues containing events between my, 4.7 and 6.5, and between depths
of 40-350 km. I show regional catalogue results for the northern Chile and the Peruvian
flat slab sections of the subducting Nazca plate, with strong agreement between my depths

for northern Chile and those found by |Craig| (2019).
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Chapter 3

Automatically detecting S and sS

on teleseismic data

In Chapter [2| I demonstrated a method to use the direct P arrival and its associated depth
phases, pP and sP, to relocate intermediate-depth earthquakes in depth. In this chapter I
extend the approach to detect the direct S arrival and the corresponding sS depth phase.
Below, I outline the adaptations made to the process, described in the previous chapter,

required to work with S wave data.

3.1 Data

For integrating the S wave approach into the P wave based methodology established in
Chapter [2| T use the same initial catalogue (Section taken from the International
Seismological Centre (ISC). For a given event in the catalogue, I take all of the available
teleseismic (30-90° epicentral angle) horizontal component station data recorded on either
BH or HH channels, from open access FDSN data centres. These data are subsequently
checked to see if, for a given station, there are a trio of Z, N and E components (or Z and
two horizontal components). If the trio includes two horizontal components not aligned to
N and E (commonly called “1” or “2”), I rotate them into the N and E orientations using
the component orientation stored in the metadata. Only stations with a final trio of Z,
N and E component data and corresponding metadata will continue through the process,

as this allows me to use the same ad-hoc arrays assembled for Z component data (Section

2.2.3)), to simplify the workflow.
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The remaining N and E component traces have their instrument response deconvolved
into units of velocity, are linearly detrended, demeaned, have a 5% end taper applied, are
bandpass filtered between 0.03-0.2 Hz using a 3-corner Butterworth filter, resampled to
10 Hz and normalised to their peak amplitude. Z component data are currently processed

separately in accordance with the details outlined in Section [2.2.2]

I select a lower frequency filter than previously used for the P wave methodology (0.1-1
Hz), as I am now targeting longer period S wave arrivals with a lower dominant frequency.
The 0.03-0.2 Hz band used here was guided by the work of both Molnar et al.| (1973) and
Langston| (2014)). [Molnar et al.| (1973) analysed the P and S spectra of 144 aftershocks
which occurred near San Fernando in 1971, with magnitudes 0.5 to 4.5, to establish that
S wave corner frequencies are systematically smaller than P wave corner frequencies.
Although this was a local study, as part of the work, |Molnar et al. (1973) compiled the
spectral analyses from teleseismic studies (Hanks & Wyss| 1972; Molnar & Wyss, [1972;
Wyss & Hanks), [1972; [Wyss & Molnarl [1972) to generate a summary plot of teleseismic P
versus S corner frequencies. The summary plot indicates a range of approximately 0.03-
0.3 Hz for teleseismic S wave corner frequencies, and 0.04-0.5 Hz for teleseismic P waves.
However two outlying data points from the same study lower the ranges, discounting these,
the ranges shift to 0.05-0.3 and 0.1-0.5 Hz for S and P respectively. Given the age of the
study, it is likely that broadband channels did not exist for seismometers, which may

decrease the accuracy of the corner frequencies found.

The study conducted by [Langston| (2014) is more recent, and considers the coherency
of both P and S wave signals across the TA network for teleseismic events in Chile,
whilst varying inter-station distance and bandpass filters, using cross-correlation (Figure
3.1)). This study therefore strongly aligns with my approach, as both consider teleseis-
mic data from intermediate-depth earthquakes in Chile/mid-South American Subduction
Zone, which are largely received in the US by the TA network. With an inter-station
distance limited by the ad-hoc array aperture (2.5° or 278 km), I can consider which
bandpass filter allows teleseismic direct arrivals to retain a cross-correlation coefficient of

greater than 0.9, and thus, good coherency across the array.

For P waves, filters 0.05-0.1, 0.1-0.2, 0.2-0.4 and 0.4-0.8 Hz provide a coefficient of >0.9 at
inter-station distances of 278 km. The final filter of 0.8-1.6 Hz gives a coefficient below 0.9

at all inter-station distances. The P wave results corroborate that my previous selection
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Figure 3.1: Plots of correlation coefficient versus interstation distance for teleseismic P and
S waves from the M,, 6.2, 110 km deep Tarapaca event in Chile, adapted from
(2014). Grey dotted line indicates a correlation coefficient of 0.9, and grey dashed line
indicates a 278 km interstation distance — the maximum possible for my ad-hoc arrays.
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of a 0.1-1 Hz filter (Section encourages coherent stacking across the ad-hoc array
aperture. For teleseismic S waves, a cross-correlation coefficient greater than 0.9 for inter-
station distances of 278 km or less occurs for the 0.05-0.1 and 0.1-0.2 Hz bandpass filters.
The 0.2-0.4 Hz filter gives a coefficient of between 0.7 and 0.8, whilst coherency deteriorates
rapidly (<0.6) for the tested 0.4-0.8 and 0.8-1.6 Hz filters. With both studies in mind, I
select a bandpass filter of 0.03-0.2 Hz. The lower limit is extended to lower frequencies
than the |Langston! (2014) study to acknowledge the possibility of lower corner frequencies,
as indicated by |Molnar et al.| (1973). The upper limit is set using the upper limit indicated
by the |Langston (2014)) study for coherent (>0.9 correlation coefficient) S waves across

278 km aperture ad-hoc arrays.

3.2 Methodology

I load in seismic data for stations which have processed Z, N and E components, and pop-
ulate the relevant station attributes (e.g. coordinates, elevation). The available stations
are subsequently grouped into the same ad-hoc arrays created using the Z component
data (see Section and Figure . This approach raises the likelihood that an S
wave based ad-hoc array will fail to be processed, as the array clustering is not optimised
for the horizontal component seismic dataset. Consequently, it is more likely that there
will be less initial stations per array and thus, reduced resilience for quality control mea-
sures. However, using the same ad-hoc arrays simplifies the workflow, and allows direct

comparison between the P wave and S wave ad-hoc array results.

The S wave methodology is also inherently linked to the success of the P wave ad-hoc
arrays. The Z component, P wave targeting data is handled first in accordance with the
approach discussed in Chapter If the ad-hoc array passes the cross-correlation and
vespagram quality checks for P wave picking, the ad-hoc array is forwarded to the S wave
portion of analysis. Continued processing of the ad-hoc array for S wave data does not

depend upon on the successful identification of P, pP and/or sP arrivals.

During the S wave processing for a given ad-hoc array, the station N and E component
seismic data are rotated into radial and transverse using the beampack-determined best
fitting backazimuth found from the P arrival. If a beampack determined backazimuth was
not previously found during the P wave processing, the calculated backazimuth determined

from ray tracing is used — this option is rare, with zero occurrences during the relocation
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Figure 3.2: Example of the ad-hoc arrays for a my 6.2 event from 23rd May 2010, showing
the distribution of teleseismic stations with 3-component data and their arrangement into
the pre-designated ad-hoc arrays from P wave processing. A global view is shown on the
bottom and and a zoom in of the ad-hoc arrays created in the USA on the top. The
core stations found from the P wave processing are shown as thick black circles and the
associated ad-hoc array stations as coloured triangles. The unused stations (grey Ys) are
those removed due to their existence beyond the aperture of any of the pre-designated ad-
hoc arrays. The earthquake focal mechanism is taken from the Global Centroid Moment
Tensor Project (GCMT) (Dziewonski et al., [1981; Ekstrom et al., 2012). 113 ad-hoc arrays
are assembled from the stations with Z, N and E components, whilst 115 were generated
from only the Z component stations for P, pP and sP analysis.
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Figure 3.3: § wave amplitude 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). The open red circle shows the theoretical slowness and
backazimuth found through calculation and the corresponding phase-weighted beam in
(b). The filled red circle shows the beampack derived values and the resultant phase-
weighted beam in (c), showing the importance of measured backazimuth and slowness
values. Example from my 6.2 event from 23rd May 2010, ad-hoc array at 64.4° epicentral
distance.

of the South American Subduction Zone catalogue (see Chapter [7)). After the data are
rotated into the ray path, I select and focus upon the transverse seismic dataset for the
ad-hoc array, since this component will provide the clearest observations of tranverse

propagating S wave arrivals.

Modelled arrival times for S and sS are calculated for the array geometric centre (retained

from the P wave processing and analysis) using ray tracing in conjuction with the ak135

1D velocity model (Kennett et al., 1995) — these will be used to guide waveform trimming

in upcoming steps. I then establish best fitting horizontal slowness and backazimuth
values for the S arrival directly using the ad-hoc array data, by applying the beampacking
approach from Section to the S wave. Similarly to the Z component beams in
Chapter [2] using the ad-hoc array derived beamforming values significantly enhances the
wavelet arrivals for S and sS (Figure, and will assist the upcoming automatic picking

routine.

With the data driven, best-fitting slowness and backazimuth values found, I construct
phase-weighted beamforms for a range of slownesses to create a vespagram (Figure [3.4)).

The phase-weighted beams use an exponent of 4, and the slowness range tested is centred
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Figure 3.4: Example normalised, phase-weighted vespagram from m; 6.2 event from 23rd
May 2010, ad-hoc array at 66.1° epicentral distance.

on the beampack found slowness +0.4 s/km in intervals of 0.001 s/km. These parameters

are the same as those used in Chapter

Here I check the quality of the beamforms, to decide if they are suitable to be contin-
ued into the phase detection steps of the workflow. Following Section for P wave
data, I apply a cross-correlation routine to compare the direct arrival (S) on the individ-
ual traces to the optimum beam (beamformed using the beampacking found, best-fitting
backazimuth and slowness). Traces are trimmed around the modelled S arrival time with
+10 second margins, those which have a correlation coefficient <0.3 and a timeshift of
>0.5 seconds are removed from the ad-hoc array. If 8 or more traces are retained for the
ad-hoc array, the ad-hoc array will be continued to the next step of the processing and
analysis loop. Ad-hoc arrays which do not meet this criterion are halted at this point in

the workflow. Once again, these parameters are the same as those used in Chapter [2

For ad-hoc arrays which have more than 8 traces after the cross-correlation routine, another
quality control is applied, this time considering the entire vespagram and the coherency of
the expected arrivals with respect to slowness. The routine is the same as the one applied
to the P wave relocation approach in Section [2.2.4.3] where vespagram peaks which are
>0.6 of the maximum vespagram amplitude are selected and analysed for clusters. If it is
a good quality vespagram, I expect to see clusters of high amplitude peaks aligning along
the beampack found slowness for the ad-hoc array — since the clusters should represent
coherent phase arrivals. I check for this by identifying the centres of the high amplitude
clusters and calculating their mean slowness and standard deviation in slowness space.
If the mean slowness is within 0.006 s/km of the expected slowness, and the standard

deviation of the cluster centres is <0.0105 s/km then I accept the ad-hoc array as passing
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Figure 3.5: Example ad-hoc arrays, their automatic picks and differential times between
phases for the my 6.2 event which occurred on 23rd May 2010 in Peru. (a) and (b) are the
vespagram and optimum beam respectively for an ad-hoc array at an epicentral distance of
61.7°, whilst (c) and (d) are the vespagram and beam for an ad-hoc array at an epicentral
distance of 66.1°. Blue vertical lines indicate the time window of data used for automatic
picking.

the quality threshold. These criteria were discussed in Section [2.2.4.3] Given that S waves
have longer periods and are therefore coherent over a larger range of horizontal slowness,
these values might not be ideal for the S wave dataset. However, visual inspection of
the vespagram quality check shows that the high amplitude clusters still centre upon the
expected slowness, and are not weighting the mean towards the extreme slowness bounds.
For now, I have not updated this criterion. Ad-hoc arrays which do not meet these criteria

are not processed further.

The ad-hoc arrays that have managed to pass the quality checks are now considered for
S and sS phase detection. Detection uses a dynamic, ad-hoc array tailored amplitude
threshold based upon the amplitude distribution in the optimum beam waveform (Figure
. This approach is identical to the one used for P, pP, and sP picking in Section
2.2.4.4] except I now consider the data between the modelled S and sS arrival times, with

a 2% margin.

Any picks detected above the dynamic threshold and with a prominence greater than 0.15
of the maximum peak found in the beam are selected as candidates for my phases. The

picks are subsequently run through a phase identification routine (Figure , similar to,
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Figure 3.6: Example of the automatic picking threshold found for an ad-hoc array at an
epicentral distance of 66.1° from the m; 6.2 event on 23rd May 2010. (a) distribution of
amplitude values for the ad-hoc array beam with respect to the percentile, the approxi-
mation of the beam with two lines, their intersection and the final threshold found. (b)
threshold relative to the phase-weighted beam.
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Figure 3.7: Phase identification workflow for S and sS. Picks from the automatic picking
routine are sorted into phases by comparing their differential times with the 1D velocity
modelled differential times for s5-S. Hexagonal boxes indicate products from a step in the
workflow, and bold text shows the final phase selections.
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yet entirely independent of the routine described in Section for P wave data picks.

The phase identification routine relies upon a comparison between the observed and mod-
elled differential times between S and sS, and only accounts for events within 440 km of
the relocated depth taken from the initial event catalogue. Initially picks are checked for
a signal-to-noise greater than 5 (following Florez and Prieto| (2017), and using the same
approach as Chapter [2] except with the background noise calculated for 40 seconds imme-
diately prior of the S arrival), in order to be considered as a final pick. The relative times
between all these picks are subsequently calculated, and the picks considered as pairs for
the remainder of the routine. For each pair of picks, the differential time is compared
to the modelled differential time for the ad-hoc array using akl135 as the velocity model
(Kennett et al.,|1995), with any pairs with a differential time within +25% of the modelled
$5-S differential time (to account for unknown velocity structure) selected as a candidate

pair.

If an earthquake is shallow, £25% of a modelled differential time between sS and S will
provide a very small time margin. To account for this, fixed time margins are used when
the percentage margin is too small to be effective. For S waves I have adjusted this to
+15 seconds when 25% of the sS-S differential time is less than 15 seconds. The size of
the fixed margin is based upon the possible error in differential times assuming that the
earthquake is within +40 km from the initial catalogue depth (see Appendix . If
there is a single candidate pair which compares favourably with the modelled arrivals, the
two picks will be selected as sS and S. If more than one candidate pair is a reasonable
fit for the ad-hoc array, the pair with the largest combined amplitude is selected. It is
also very possible to have no candidate pairs, here the S processing will end for the given

ad-hoc array.

The identified picks for S and sS are finalised, and their differential times calculated
(Figure . These picks will be preserved and can either be used in a depth conversion
algorithm similar to Section [2.2.5] or used in an alternative relocation algorithm. For a
demonstration of how I use an alternative algorithm for earthquake relocation in 3D with

P and S wave coda picks, see Chapter

For the example earthquake (my, 6.2 event on 23rd May 2010) in Peru, only 33 ad-hoc arrays
are successfully picked for S and sS compared to approximately 100 for P, pP and/or sP

(Figure 3.8]). The reduction in success rate largely reflects the decision to use the same
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Figure 3.8: Distribution of ad-hoc arrays consisting of teleseismic stations with 3-
component data which were successfully picked for S and sS (core stations with sur-
rounding coloured triangles), for the my 6.2 23rd May 2010 Peruvian event. A global view
is shown on the bottom and and a zoom in of the ad-hoc arrays created in the USA on the
top. The core stations found from the P wave processing are shown as thick black circles
and the associated ad-hoc array stations as coloured triangles. The unused stations are
shown as grey Ys. The earthquake focal mechanism is taken from the Global Centroid
Moment Tensor Project (GCMT) (Dziewonski et al., [1981; Ekstrom et al., |2012).
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ad-hoc array arrangement as determined with the Z component dataset, resulting in many
ad-hoc arrays having fewer stations contributing to the beamforms. When combined with
targeting a more complex S waveform, which is more likely to fail the quality control
measures, the ad-hoc arrays are significantly more sensitive to the criterion requiring more
than 8 traces for further analysis. Chapter [7] discusses further the lower success rate and
impact of S coda picking compared to the P coda, observed for the entire South American

Subduction Zone.
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Chapter 4

Assessing the impact of
automatically-derived depth
phases on global earthquake

catalogues, and their relocation

Since 2009 the number of reported depth phases to the International Seismological Centre
(ISC) have reduced from global seismic centres. This is likely due to their small amplitude
coupled with limited picking resources at the centres. Consequently the number of depth
phases defining ISC event locations has dropped from ~8000-12,000 to ~4000-7000 per
month (Figure [£.1)). The depth phase ray path (with a near-source surface reflection) con-
strains event depth, and acts to reduce the origin time-depth trade-off during relocation
(Bondar & Storchak, [2011). Without the incorporation of depth phases, and assuming a
lack of local network data, relocations will have a lower depth resolution. There has, there-
fore, been increased motivation to pick depth phases, either manually or automatically, to

backfill the lack of reported depth phases and improve their event relocations.

Research into automatic and machine learning approaches to aid phase identification and
picking is expanding (Ross et al., 2018; [Woollam et al., 2022; Mousavi & Beroza, 2023).
These methodologies are advantageous when handling larger quantities of seismic data
efficiently, and for identifying phase arrivals which have previously proved difficult to

manually pick on single station traces. Whilst developments in automatic methodologies
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Figure 4.1: Number of depth phases (pP, sP, pwP, sP and surface reflected core phases)
defining ISC event locations against the year the event 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.

have largely focused upon detecting P and/or S wave arrivals, there is also a corner of
research which has been refining the detection of pP and sP depth phases (Letort et
al. 2016} |Fang & van der Hilst, 2019; [Craig) 2019; [Mtnchmeyer et al., |2024; Blackwell
et al. 2024). With the growth in techniques to automatically detect phase arrivals on
seismic data, and specifically the burgeoning interest in using depth phases to refine event
locations, it has become paramount to investigate the influence of automated depth phase

results upon earthquake hypocentral locations in global catalogues.

In Chapter I developed a new approach which leverages the growing (tele)seismic data,
by assembling and processing ad-hoc arrays to increase the signal-to-noise ratio of the
phases, and automatically pick the ad-hoc arrays for P, pP and sP arrivals expressly for
event depth improvement in Peru and northern Chile (Blackwell et al., [2024). However,
the methodology failed to account for 3D velocity structure (instead using locally derived
1D velocity models), bounce point and station elevation corrections when using the phase
arrivals to determine event depth. These are significant assumptions to apply to regions in
South America, given the local Andean mountain range and associated crustal geometries
(Craig, [2019). By using a different relocation algorithm, such as ISCloc (Bondar & Stor-

chak| [2011)), these assumptions can be taken into account. ISCloc (Bondar & Storchak,
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2011) is an algorithm used by the ISC to relocate earthquakes in 3D and determine loca-
tion uncertainty, developed by |Bondar and Storchak! (2011]), which uses globally reported
phase arrivals in combination with the ak135 1D velocity model (Kennett et al., [1995]) for

an iterative linearized inversion.

In this chapter, I test the consequences of adding automatically-derived depth phases,
determined for Peru and northern Chile (in Chapter , to established global phase cata-
logues upon the 3D relocation of the events, using ISCloc (Bondar & Storchakl, |2011)). I
aim to see an improvement upon the results of the previous catalogue generated in Chapter
and the benefits of augmenting a global phase catalogue with ad-hoc array determined

depth phases.

4.1 Methodology

4.1.1 Automatically deriving depth phases using array processing

I use the methodology presented in Chapter [2| to determine P, pP and sP phases from
array processed data, with the aim to boost signal-to-noise ratios of typically very small
amplitude arrivals on single station data. See Section for details concerning data pre-
processing, the creation of ad-hoc arrays and how array processing is applied to detect

depth phases.

Previously, the differential times between the final pP-P and sP-P picks for all of the ad-
hoc arrays for a given event are used to forward model a best-fitting earthquake depth, with
an accompanying error found through jack-knifing the ad-hoc array traces. The conversion
of the ad-hoc array determined phases into depth lacks features such as a bounce point
and station elevation corrections, the ability to relocate in 3D space, and it only inputs
the phases identified from the ad-hoc arrays. Given the vast catalogue of phase arrivals
which exist globally for earthquakes, it seems pertinent to incorporate the new ad-hoc
array phases with the phases which are already documented in order to refine earthquake
location further. To this end, during this chapter I integrate the ad-hoc array P and depth
phase picks into the ISC phase catalogue per event, and relocate the events using ISCloc

(Bondar & Storchak, 2011)).
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(d)

(a) (b) (c)

Figure 4.2: Four methods to correct amplitude P picks to onset picks. (a) Backstepping
sample point by sample point backwards in time until below a noise threshold. (b) Finding
the intersection of the envelope with a horizontal line projected at 0.9 of the P peak’s
height. (¢) Finding the intersection between two lines approximating the peak onset and
the pre-peak noise, and projecting to the envelope or trace. (d) Median P arrival calculated
from slowness corrected reported P phases in the online ISC catalogue, projected to the
trace. Dashed black line is the P arrival on a phase-weighted beam, the solid black line
is the beam envelope, blue circles are the initial P amplitude pick on the envelope, and
alternative coloured circles represent the onset pick for each method. Example beam from
the 2010 June 26th event, my 5.4.

4.1.2 Conversion to onset times

Building on the previous work in Chapter [2] I use the vespagrams from each ad-hoc array,
and the picks determined for P, pP and sP upon the beam formed using the best-fitting
slowness and backazimuth. The picks are designed to be the amplitude peaks of the
phases, as opposed to the phase onsets, which improves the ability to automatically and
consistently pick phases, and proved unproblematic for using the relative arrival times
of the phases to determine event depth. However, integrating the ad-hoc array-observed
phases into a global catalogue requires a methodology to correct the amplitude picks to

onset arrival times.

To correct the amplitude picks to onset times, the P wave onset needs to be identified, the
time difference between the P onset and the picked P amplitude pick determined, and this
time difference used as the time-shift correction for all three phases. A number of method-
ologies to geometrically determine the onset of the P arrival were tested on the envelope of
the best-fitting optimum beam (Figure —c), however significant inconsistencies failed

to inspire confidence in this approach (see Figure [4.3]).

Given that the aim of the work is to combine the ad-hoc array phase picks with those

already reported in the ISC catalogue, I instead make use of the reported P wave arrivals
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Figure 4.3: 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 Chapter [2, and the histograms
are calculated at a 0.01 resolution.

already in the catalogue to inform my required time-shift. I therefore developed an ap-
proach to extract the stations with time-defining (location defining) P phases reported per
event from the ISC online catalogue, associate the stations with the ad-hoc arrays created
in Chapter [2| (Blackwell et al.l 2024)), slowness correct the phases to the geometric centre
of the ad-hoc arrays and calculate the median P onset time. The difference between the
ISC catalogue median P arrival time and the P amplitude pick from the ad-hoc array data
is determined and used as the time-shift correction for the pP and sP phases. The ISC

catalogue median P arrival is used as the corrected P onset time (Figure )

The manner of the approach means that if there is not a P arrival reported by a station
within an ad-hoc array, that ad-hoc array’s picks cannot be corrected and thus used. This

is a common occurrence for events >2022 at time of writing, as the ISC review process
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runs 2 years behind the present. I therefore choose to only include events from 1995-2022
to achieve the best possible results. My tests on the previously relocated intermediate-
depth earthquake catalogues derived for Peru and northern Chile (Blackwell et al.l 2024),
when removing events from >2022, indicate that 25.5% (8815 out of 34598) of all ad-hoc
arrays fail due to a lack of reported P arrivals. This converts into 11.6% (137 out of 1179)
events without any reported P arrivals in the ISC catalogue, with a mean magnitude of
my 4.99. For a proof-of-concept test I feel that the failure rates are manageable given the
large initial dataset, and note that my catalogue will likely have a higher magnitude of

completeness than originally intended.

I observe that the ISC catalogue median P arrival can vary from the onset by up to 2
seconds when superimposed upon the ad-hoc array beam, this could be due to a number of
reasons — manual picking error, loss in the resolution of the phase geometry when stacking
the beam, or multi-pathing. I find a mode of 0.87 seconds between the median ISC
reported 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 Chapter [2| (Appendix
4.3d). To cover 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 onset times. Alternatively there is the
possibility to use a machine learning picker to backfill ad-hoc arrays missing a recorded
P onset (see Chapter |5). For this chapter, I limit my onset correction to the use of the

manually reviewed ISC catalogue P phases to ensure high quality results.

4.1.3 Using ISCloc

The online ISC catalogue is dynamic, with the possibility of having new phases reported
and added for an event after their original published ISCloc relocation. I therefore run
ISCloc (Bondér & Storchakl [2011)) twice, once with the ISC reported phases and once with
the ISC reported phases plus the onset corrected ad-hoc array picks for P, pP and sP, to
ensure a fair comparison between the 3D relocation outputs. I exclude ISC reported phases
which are observed over 120° away from the ISCloc inputs to avoid complications with core
depth phases, and I apply an inversion approach which seeds on the previously determined
ISC location. In my inversions, I require 5 depth phases to secure depth resolution, and the
ability to search/iterate without a fixed initial depth. This is important since the addition
of ad-hoc array phases could make the difference between an event being relocated with a

fixed depth or not, or even from being relocated at all.
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4.2 Results

4.2.1 1ISCloc comparisons

In this section I will compare the results from ISCloc when inputting the ISC reported
catalogue phases versus the same input plus the ad-hoc array phase onsets for P, pP and
sP per event. From henceforth, the online ISC catalogue phases will be referred to as
the reported ISC inputs, and the ISC reported phases with the ad-hoc array phases will
be referred to as the augmented ISC inputs. The aim is to assess how the addition of
automatically-derived depth phases affects both the 3D relocation of a given event and

the error statistics.

4.2.1.1 Number of defining phases

996 out of 1179 tested events had additional, ad-hoc array determined phases augmented to
their initial ISC reported phase catalogues — an average of 47 phases were added (including
direct P arrivals), with a minimum of 2 and a maximum number of 360, per event. Of
these phase additions, an average of 29 depth phases were added to each event, with a
minimum of 1 and a maximum of 238, and the sum total of depth phases across the events
was increased by 49% (Figure ) More importantly, 5 depth phases were required per
event to relocate it with a free, resolvable depth — the number of events which had too
few depth phases reported to resolve depth, and thus depth was fixed, reduced by 35%
(61 events) with the augmented inputs. Whilst this does not reduce the magnitude of
completeness to which events are relocated without a fixed depth (my 5.5), it will improve
the overall 3D relocation for the previously fixed events. For 137 events, I predicted that
I do not have a means to correct my ad-hoc derived phases to absolute onset time, due
to a lack of reported P arrivals within the aperture of my ad-hoc arrays (Section .
Nevertheless, I observe that 183 events failed to have their phase catalogues augmented
by my arrivals. This is because 46 of those 183 events have ISC reported P arrivals within
at least one ad-hoc array, however, the ad-hoc arrays with the reported P arrivals do not

align with the ad-hoc arrays with picks to correct.

After the application of ISCloc, 42,077 depth phases, with 11,406 (27% increase) new depth
phases (Figure [£.4b), became time-defining (used to define the final 3D location), and
therefore used in the algorithm to increase depth resolution. I had hoped that a greater

number of my depth phases would become time-defining, however an inspection of the
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Figure 4.4: Plots showing the 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 events with less than 5 depth phases.

results showed that my ISCloc results (ISC reported and ISC augmented) typically had less
time-defining phases than the published ISC catalogue results. Therefore, I believe that
the analysts at the ISC add significant value to the application of ISCloc, by interactively
finding better fitting event locations which use a greater number of phases, than when
ISCloc is used unsupervised. Despite this, Figure [£.4c demonstrates that the augmented
ISC catalogue can increase the number of defining phases used to relocate the events by
up to 25%. Figure and b also illustrate that the events with lower numbers of depth
phases experience the greatest impact from the addition of ad-hoc array derived phases,
as numbers of (particularly time-defining) phases can increase by more than 100%, thus
allowing greater depth resolution during the 3D relocation. I will assess the value of the
ad-hoc array phase additions in terms of 3D relocation, the associated errors and the

relation to event magnitude in the up-coming subsections.

4.2.1.2 Relocated depths and errors

ISCloc outputs two different depths, a traditional “Depth” which is determined using all
of the time-defining phases and a “pP Depth” which is determined using only the differ-
ential times between time-defining depth phases and P arrivals. Whilst the “pP Depth”
methodology solves in 1D and is more comparable to the original relocation methodology
in Chapter [2| the “Depth” output factors in a larger number and range of phases which
positively benefit the 3D event relocation. In this chapter I aim to assess the impact of
the additional ad-hoc derived phases upon 3D earthquake relocations, rather than directly
compare relative time, relocation approaches. Therefore I will be considering only the

“Depth” output from ISCloc henceforth.
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Figure 4.5: 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 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 shows the change in depth (a and b) and depth error (c and d) between the
ISC reported inputs and the augmented ISC inputs, with scatter plots (coloured by the
number of phases added by the ad-hoc arrays) and residual histograms. The depths tend
to be deeper (mean residual of 1.95 km, not including depth fixed events) when the ad-hoc
array phases are added to the input dataset, which is within the typical error range (1-7
km), and likely demonstrates the increase in depth resolution as a result of the additional
depth phases. The events with the largest observed depth change are associated with
depth fixing prior to the introduction of the ad-hoc array phases (orange in Figure
and ¢) — with the augmented phase catalogue a free depth for these events was determined.
Whilst only a small change in depth is observed when adding ad-hoc array depth phases, it
is the change in error which will provide greater insight into the relocation improvement.
Figure shows that depth error with the addition of ad-hoc array phases is reduced in
99.9% of events — although a correlation between absolute number of phases added and
error change is weak (Figure . The mean reduction in depth error is 0.41 km using my
test catalogues in Peru and northern Chile, with a maximum error reduction of 4.1 km
observed. The few events with increased error using the augmented ISC catalogue input
are typically caused by the depth becoming un-fixed due to the increase in number of
depth phases, or the additional time-defining phases producing large time residual misfits
to the final relocation. Given my location errors increase when an event becomes unfixed,
it could be suggested that the errors defined for fixed events are overly conservative and

need to be increased to align with the errors of events which are un-fixed in the future.

I also consider horizontal error reduction by calculating the area of the horizontal error
ellipse, and notice that the addition of ad-hoc array phases minimally influences the hor-
izontal error, with a mean reduction of 1.95 km square. Despite this, some outliers exist
where the horizontal error decreased — notably there is a major outlier showing a reduc-
tion of 144 km squared. Further inspection of these examples show that time-defining sP
additions with small time residuals allow significant horizontal error reduction when few
depth phases exist in the ISC reported catalogue, and the location was already poorly
constrained — the example with the 144 km squared reduction had an initial horizontal
error area of >800 km. This suggests that horizontal and depth error improvement is

more sensitive to sP than pP phases.

I additionally note that a reduction in depth error is strongly correlated with the per-

centage increase in time-defining depth phases, which interplays with magnitude, and not
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Figure 4.6: 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.

necessarily related to an absolute number of additional phases (Figure and c). Figure
indicates that lower magnitude earthquakes are more likely to experience a greater
percentage increase in time-defining depth phases, if phases are able to be picked, which
translates to a greater reduction in depth error. Therefore augmenting the catalogue with
ad-hoc array derived phases has a greater impact upon the 3D relocations of events with

low numbers of time-defining depth phases, which tend to be low magnitude events.

4.2.1.3 Sensitivity to sP

The outlier on Figure showing a 144 km square horizontal error ellipse improvement
indicated the importance of sP when reducing error, and implied a greater sensitivity

towards sP additions than pP during event relocation.

To test this hypothesis I plot probability density functions for depth error from the aug-
mented ISC results, and change in depth error between the augmented ISC and the re-
ported ISC results in two ways. For both, the data are separated into two categories. (1)
When the ad-hoc array depth phases add more time-defining pP than sP arrivals to an
event, and vice versa (Figure and b). (2) When ad-hoc arrays add a larger propor-
tion of pP arrivals relative to the number of time-defining pP phases already in the event
catalogue, than the equivalent proportion of sP phases, and vice versa (Figure and

d). I see from these plots that a greater absolute number and proportion of sP phase
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Figure 4.7: Probability density functions for the depth errors in the augmented ISC cat-
alogue 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.

additions to pP lowers the depth error for events by a mode of 0.82 and 1.00 km respec-
tively. A larger reduction in depth error between the reported and augmented results is
also observed when a greater absolute number and proportion of sP to pP time-defining
phases are added to the ISC augmented catalogue, although the improvement is slight
at modes of -0.10 and -0.09 km respectively. It is clear that a reduction in depth error
benefits from a larger number of sP phases, likely due to the low numbers in the reported
ISC catalogue compared to the number of reported pP phases. Therefore my ability to
boost the signal-to-noise ratio of sP using array processing, to supplement the reported
ISC phase catalogue for a given event could help to improve the event locations in global

catalogues to greater extent than pP.
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Figure 4.8: Map of Peru and northern Chile showing the 3D relocations of the earthquake
hypocentres found using the augmented ISC phase catalogue. Events are coloured by
depth, and example cross sections are marked which can be seen in Figures and
Contours indicate the depth of the Slab2 model (Hayes et al., 2018).

4.2.2 Regional application

The previous sections have shown that a proportional increase in P, pP and sP phases —
determined through ad-hoc arrays — decreases the number of fixed depth events, decreases
depth error and that sP phase additions influence the reduction in depth error to a greater
extent than pP. Whilst the reductions are typically small (mean reduction of 0.41 km),
slight improvements in depth resolution across an event catalogue can allow updates in

the interpretation of a seismogenic region.

I demonstrate the relocated augmented ISC event catalogue, in comparison to the relocated

reported ISC and Blackwell et al| (2024)’s catalogues (from Chapter [2) for Peru and

northern Chile (Figures and 4.10). It is apparent that the relocated catalogue

from Blackwell et al.| (2024)/Chapter [2[ has been improved, in terms of depth location,

as a result of using ISCloc for the depth determination. Independently determined event

depths from the augmented ISC catalogue are indicating more discrete, linear features,
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Figure 4.9: Cross sections of the Peruvian subducting slab with the earthquake hypocen-
tres found using three different catalogues. Figure [£.8] shows the location of the sections
on a map of Peru and northern Chile. Slab 1.0 (Hayes et al., 2012) and Slab2 models
(Hayes et al., |2018) shown in dashed and solid black, respectively. Depth and horizontal
error represented as error bars per event, although these are often within the size of the

symbol.
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Figure 4.10: Cross sections of the Chilean subducting slab with the earthquake hypocentres
found using three different catalogues. Figure shows the location of the sections on a
map of Peru and northern Chile. Slab 1.0 (Hayes et al., 2012) and Slab2 models
shown in dashed and solid black, respectively. Sippl et al.| (2018) northern
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symbol.
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Figure 4.11: Interpreted cross sections of the Chilean subducting slab with the earthquake
hypocentres found using the augmented ISC catalogue. Figure [1.8] shows the location
of the sections on a map of Peru and northern Chile. Event depths shown in blue with
error bars (often within the size of the marker), projected seismogenic slab geometry in
dashed red, with orange dashed lines indicating an interpreted lower seismogenic plane.
Bifurcating planes are interpreted in dashed white. Slab 1.0 (Hayes et al. 2012)) and Slab2
models (Hayes et al., 2018)) shown in dashed and solid black, respectively.

with a narrower seismogenic thickness than seen in the Blackwell et al| (2024) catalogue

— for sections X-X’ and Z-Z’ on Figures and seismogenic thickness reduces by
approximately a third. The improvement is likely to stem from the addition of bounce
point and station elevation corrections built into the workflow of ISCloc, and inclusion
of other (local to teleseismic) constraining phase arrivals. Bounce points refer to the
coordinate location where the depth phases reflect off the free surface. If the free surface
has significantly different topography, relative to the datum, which is not accounted for
in earthquake relocation, then the depths of the events will appear too deep or shallow.

Cross section V-V’ in Figure [£.9demonstrates the importance of a bounce point correction

for determining event depth, as the Blackwell et al.| (2024) data shows two events which

are shallower than Slab2 at approximately 230 km from the trench, which are deepened

by 10-20 km in both alternative ISCloc based catalogues. Cross section Z-Z’ also shows a

reduction in vertical smear from the Blackwell et al.| (2024) catalogue at approximately 470

km away from the trench, to a tighter cluster of events centred upon the deeper location

depths, indicating event deepening due to bounce point recognition.

There are a number of features which are of interest observed on the selected cross sections.

These include the continued observation of a flat slab in central Peru (Portner & Hayes),

2018)), the Pucallpa nest (Wagner & Okal, [2019; Sandiford et al., 2020) on section W-W’
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Figure 4.12: Zoomed-in Y-Y’ and Z-Z’ cross sections of the Chilean subducting slab,
corresponding to the boxes shown in Figure The earthquake hypocentres are found
using the augmented ISC catalogue, with event hypocentres coloured by distance from
the cross section plane and error bars. The both rows show the cross sections, with the
bottom row showing the interpreted linear planes in dashed black. Slab 1.0
and Slab2 models (Hayes et al., 2018) shown in dotted and solid black, respectively.

at approximately 650 km from the trench, and the transition in slab dip to 20-30° towards
northern Chile which can all be seen more clearly with the augmented ISC
catalogue on Figure [£.9] Other features are also observable on the Chilean cross sections,
and highlighted in Figure such as bifurcation of the hypocentres along a plane —
for section Y-Y’ the bifurcation occurs at approximately 250 km away from the trench
and underneath the main seismogenic slab, whilst section Z-Z’ suggests a bifurcation at
approximately 300 km away from the trench and above the main seismogenic slab (Figure
4.11]). These bifurcations could either be an artifact of creating a cross section, such as
out-of-plane changes in slab dip, or a planar seismogenic hosting surface — such as splay

faults or fluid migration associated with the thrusting of the subducting slab, similar to

those seen by Nippress and Rietbrock| (2007) and [Fuenzalida et al. (2013) at shallower

depths.

The planar hypocentral bifurcations on both cross sections fit poorly to the seismogenic
slab geometry interpreted, and indicate through-going slab faults. However, Figures [£.12]
show zoom-in boxes (a) and (b) from Figure with and without the bifurcations in-
terpreted, and with event hypocentres coloured by distance from the profile plane. From
this perspective, there are few events anchoring the linear interpretations, they are within

error of the double seismogenic zone planes, and their distances from the profile plane
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imply that a consistent plane with a dimension of ~160 km and ~100 km is needed to
satisfy the perceived trend. I also note that the seismicity defining each suggested plane
has been active from at least 1999 to 2022. I therefore suggest that these planes, with my

augmented catalogue, are not currently defensible.

It is also worth noting the need for a new slab interface to be interpreted for both Peru
and northern Chile. For distances greater than 400 km from the trench, both the Slab
1.0 (Hayes et al., 2012)) and 2 models (Hayes et al., 2018)) indicate that subducting slab
thicknesses of up to 50 km exists between the slab interface and the intermediate-depth
earthquakes (Figure 4.11)). Given that oceanic crust is typically approximated to 7 km,
and intra-slab events occur in the slab crust and/or upper mantle (Section , a slab
thickness of greater than 20 km (K. Wang, 2002) above an intra-slab earthquake implies

a poorly fitting slab interface model, which needs deepening inland.

Additionally, the Chilean cross sections, when considered in tandem with local microseis-
micity data (Sippl et al., 2018)), qualitatively support the presence of a double seismic
zone, as suggested previously by [Florez and Prieto| (2019)) and [Sippl et al. (2018) for the
region. I demonstrate how the upper and lower seismogenic planes of a double seismic
zone could be fitted to the data in Figure and I interpret a broad convergence zone
where the planes cannot be resolved, which ranges from approximately 100-160 km in
depth. This corroborates the previously hypothesised 80-120 km deep convergence depth
for this latitude of the Nazca subducting slab using microseismicity observations (Sippl
et all 2018, 2023), and the 142.1 km +8 km convergence depth found using relatively
relocated global data (Florez & Prieto, 2019)) and ak135 (Kennett et al. [1995). Variation
between my augmented catalogue depths and the [Sippl et al.| (2018) catalogue is expected
since my dataset is derived using a different velocity model, and therefore will suffer a

translational offset in depth relative to the microseismicity catalogue.

To quantitatively investigate the presence of a double seismogenic zone I follow the work
of 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. Figure [1.13] (a) and (b) show sections Y-Y’ and Z-Z’ with both the augmented
catalogue event locations and the local Sippl microseismicity catalogue plotted (Sippl et
al., [2018)), and their lines of best fit. The lines of best fit are subsequently used to correct

the event depths relative to the seismogenic slab geometry, and find the slab normal
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Figure 4.13: Zoomed-in Y-Y’ (a) and Z-Z’ (c) cross sections of the Chilean subducting
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) approximations 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 distributions of the augmented ISC and |Sippl et al.| (2018) catalogues for the
Y-Y’ (b) and Z-Z’ (d) cross sections. Figure shows the location of the sections on a
map of Peru and northern Chile.
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distribution of the hypocentres — seen in (b) and (d). The Sippl et al.| (2018)) catalogue
here is limited to events categorised as either lower plane, upper plane or plate interface
classes, in order to avoid loss of resolution from events which are not thought to form
the double seismogenic zone. I note that these event categories, on the cross sections I
inspect, end at approximately 230 km from the trench where plane convergence is expected,
I therefore also limit the augmented ISC catalogue and calculate the linear lines of best

fit only for events within 230 km of the trench.

The plots demonstrate that there is a clear bimodal distribution in both cross sections
from the Sippl dataset (Sippl et all 2018), with a 20-30 km seismogenic gap apparent,
although the lower plane seismicity is under developed relative to the upper plane for
both. The augmented ISC catalogue shows a weaker bimodal distribution in Figure {.13p,
with a more strongly defined upper plane and an approximately 20 km seismogenic gap.
Whereas section Z-Z’ on Figure lacks enough events to define a confident histogram,
yet still hints at bimodal distribution when considered in conjunction with the [Sippl et al.
(2018) catalogue slab normal distributions, despite offsets in both sections due to the use

of different velocity models.

Whilst individually the augmented catalogue results are not conclusive enough to deter-
mine a double seismogenic zone, I believe that their results corroborate the presence of
two planes seen in the Sippl et al| (2018]) microseismicity data. My findings reflect the
resolution of the global catalogue determined histograms in Brudzinski et al. (2007)), where
maximum frequencies of 15 or 16 earthquakes define the north east Japanese double seismic
zone with an approximately 30 km aseismic gap. The confidence in the global catalogue
observed double seismic zones is increased when compared to the histogram resulting from
the local catalogue (with maximum frequencies of 182 events), similarly to my comparison

to the |Sippl et al.| (2018) catalogue histograms.

The Brudzinski et al.| (2007) approach allows us to assess the likely presence of a double
seismogenic zone, however to characterise the geometry and plane seismicity to a greater
degree of accuracy using global datasets, the approach of Florez and Prieto| (2019) could be
reproduced. Their use of relative relocation, following the double difference methodology,
to define their earthquake catalogue allows the hypocentres to align along a coherent slab
geometry. Thus enabling further analysis, such as investigating the controls upon the

width of the aseismic gap and depth of double seismic plane convergence. For northern
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Chile, Florez and Prieto (2019) determine an 11.1-11.7 £4 km wide average aseismic gap,
these values indicate that my augmented ISC catalogue and histogram driven results are
too smeared to resolve a high accuracy measurement and likely mask a smaller aseismic
gap. To continue research into the Chilean double seismogenic zone, I believe relative
relocation of the event hypocentres is necessary to enhance the prevalent slab geometries

and ascertain higher degrees of accuracy.

4.3 Conclusion

The 3D ISCloc event relocations based upon the augmented ISC phase catalogue (ISC
reported phases with additional automatically-derived P, pP and sP arrivals) for Peru
and northern Chile are shown to decrease depth error, and refine hypocentre location.
Significant improvement is especially observed between my previous catalogue relocations
(Blackwell et al., 2024) in Chapter [2|and those found using ISCloc, due to the acknowledge-
ment of bounce point and elevation corrections, and solving for hypocentral location in 3D.
It is clear that automatically determined phase arrivals, from array processed teleseismic
data, are a useful and incipient resource to the wider community to improve earthquake
locations 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, I suggest an alternative method for this in Chapter [5| which could be used in future

applications.
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Chapter 5

Using PhaseNet to pick absolute
travel times on teleseismic

vespagram data

5.1 Motivation

Whilst researching the integration of automatically picked P, pP and sP arrivals into
global phase catalogues, to assess their impact upon earthquake relocation (see Chapter
4)), it became apparent that a mechanism to determine P onsets on my beamed teleseismic
data would prove useful. This is because my picks are located at the peak amplitudes of
arrivals, rather than at the onsets, which reduces the ability to compare my results with
those found by the wider community. Consequently, to pool my arrival times with those
reported by global agencies, a method to convert my amplitude picks to onset times is

required.

Previously (as seen in Section I have solved this by making use of reported P arrivals
to the International Seismological Centre (ISC), however there are not always reported
P arrivals within the aperture of a given ad-hoc array to rely upon for the conversion.
Therefore, I lose a proportion (~25%) of automatically derived P, pP and sP picks which
cannot be corrected to onset times. If I had the ability to quickly and efficiently determine
P onsets for each ad-hoc array, my reliance upon phases reported by global agencies is
removed. The obvious answer is to apply a machine learning algorithm, trained to pick

arrival onsets from seismic data, on my beams. If I extend this idea further to include the

97



5.2. Methodology Using PhaseNet on teleseismic vespagram data

picking of P arrival onsets on vespagram data, I could calculate statistics concerning the
machine learning picks with respect to slowness. External agencies may also find purpose
for determining arrival onsets on vespagrams, in locations where array processing enables
supplementary arrivals to be identified and reported to the ISC. In this chapter, I aim to
test if I can apply machine learning pickers to my vespagrams and generate pick statistics,

to discover if this is a reasonable and feasible line of research for the future.

Whilst a number of machine learning algorithms exist to pick P and S arrival onsets
(Woollam et all, 2022; Mousavi & Beroza, [2023), few are trained upon teleseismic data
(Miinchmeyer et al., [2024)). At this point, I am not too concerned with the positives and
negatives of each algorithm, since I am simply attempting to test if a machine learning
tool can pick P onsets on vespagrams. Therefore I select PhaseNet (W. Zhu & Berozal,
2019) as my candidate machine learning picker, knowing that the picker can be exchanged

in the future if the approach is promising.

PhaseNet is a deep-neural-network-based P and S wave arrival picker which uses 3-
component seismic data to ascertain probability distributions, and hence picks, for the
arrivals. The model is trained, validated and tested on 779,514 locally recorded wave-
forms drawn from Northern California Earthquake Data Center (NCEDC) data which
encompasses over 30 years of analyst labelled arrivals (W. Zhu & Berozaj, 2019)). I will
use PhaseNet with single component (Z) teleseismic data, from an ad-hoc array located

52.33° away from the my 6.2, 23rd May 2010 event in southern Peru as an example.

5.2 Methodology

I build onto the workflow already defined in Chapter |2, where ad-hoc arrays are generated
from teleseismic stations for a given intermediate-depth event, and the data are array
processed. I join the workflow after the data for an ad-hoc array are quality checked,
and extract the final set of ad-hoc array traces — this is where my PhaseNet methodology

begins.

For each trace I trim 17 seconds of data around the modelled P arrival time (found using
ray tracing (Crotwell et al., 1999) and the ak135 1D velocity model (Kennett et al., [1995)).
As previously discussed in Chapter [2] a 17 second window ensures that the real P arrival
is contained within the window, since the precision of the modelled arrival suffers from

approximations. Similarly to Chapter[2] I use the windowed P traces to linearly beamform
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Figure 5.1: Normalised power for linear beamforms calculated using a horizontal slowness
search grid. Red circle indicates the slowness parameters which generate the beam with
the largest normalised power. White solid line identifies the 0.8 normalised power contour.

using a grid search through slowness and backazimuth space. Rather than directly using
backazimuth as a search parameter, I instead use horizontal slowness to ensure a regular
search grid, with the y- and x-component test ranges set to -10 to 6, and -6 to 6 seconds
per degree, respectively. The test parameter space is not dynamic to the event, and is
currently set to ranges suitable for my test event. For each beam calculated by the grid
search, the normalised power of the beam is projected onto the relevant grid space in

Figure 5.1

Rather than apply PhaseNet (W. Zhu & Berozal [2019) to every single beam calculated, I

extract the resultant beams which exist within the 0.8 normalised power contour, resample
them to 100 Hz (default sample rate defined by PhaseNet) and save them out in miniSEED
format ready for picking. The resampling of the data is not ideal, given the traces have
formerly been down-sampled to 10 Hz (Section , however initial tests with 10 Hz
beams provided poorly constrained PhaseNet P picks — positive probability distributions
ranging over 7 seconds, and defined picks over 0.5 seconds later than the 100 Hz results.

The simplicity of the final beams encourages me to believe that in this case, the sampling
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Figure 5.2: Beam with the largest normalised power (top) and probability distributions
(bottom) for P and S arrivals as output by PhaseNet (W. Zhu & Berozal |2019). Final P
pick is shown by the vertical red dashed line on the top panel, at a relative time of 4.26
seconds.

rate changes will have minimal effect on (anti-)aliasing, whilst allowing sound PhaseNet

outputs.

I apply PhaseNet (model 190703-214543, previously trained on NCEDC data) (W. Zhu
& Berozal, 2019) to the saved beams, which outputs probability distributions for P and
S arrivals (and noise). The peaks of the probability distributions are used to define an
onset time for the relevant wave arrival. Figure shows the outputs of PhaseNet for
the largest power beam calculated (red circle on Figure . The P wave distribution
indicates an uncertainty (approximately 1 second) associated with the pick due to the
slight uplift in amplitude prior to the initial trough — this likely represents a spread which
multiple analysts would also find when determining the onset. As hoped, the S wave
probability distribution demonstrates little indication of an arrival within the 17 second

trace.

There are a number of beams which did not receive a PhaseNet pick for P (Figure ,
this occurs when the probability distribution for P does not provide a peak above 0.3 —
a default threshold set by the PhaseNet developers (W. Zhu & Beroza, [2019) — due to
greater uncertainty associated with the precise onset time. The threshold can be adjusted,

however it would require testing to select a new threshold (if a new threshold is needed).

After PhaseNet picked the P arrivals for the beams with normalised power within the 0.8

contour (Figure , I was able to calculate some basic statistics — maximum pick time,
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Figure 5.3: Beam (top) and probability distributions (bottom) for P and S arrivals as
output by PhaseNet (W. Zhu & Beroza, [2019). No P pick is defined due to the peak of
the probability distribution curve displaying at <0.3.
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Figure 5.4: PhaseNet P picks (W. Zhu & Beroza, 2019), in seconds relative to the pick
found from the beam with the largest power, plotted according to the slownesses for which
the beams were constructed. The red square indicates the location of the beam with the
largest power. Grey represents untested beams, either because their maximum normalized
power is <0.8 or a PhaseNet pick was not determined (in cases where they fall within the
white 0.8 relative power contour line).
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Figure 5.5: Beam with the largest normalised power (top) and histogram of pick times
(bottom) for P and S arrivals as output by PhaseNet (W. Zhu & Berozal, 2019) all tested
beams. Final P pick is shown by the vertical red dashed line on the top panel, at a relative
time of 4.26 seconds. The histogram is constructed with 0.02 second bins.

minimum pick time, mean pick time and the standard deviation — and plot the relative pick
time per beam onto the horizontal slowness grid (Figure . The beams without a pick
time on Figure had probability distributions with peaks lower than 0.3, as discussed
with Figure For my test event, the range for the P picks is 0.38 seconds, with a mean
of 4.179 seconds and standard deviation of 0.125 seconds. Since PhaseNet relies upon
probability distributions to identify picks, there is scope to incorporate the information
provided by the distributions into an uncertainty measurement for a given pick, beyond
its use as a quality threshold. To illustrate the range and frequency of the final P picks,
Figure [5.5] shows a histogram of the pick times across all of the test beams in relation
to the beam with the largest normalised power. It is evident from the pick distribution
that the small amplitude rise before the main trough of the P arrival has bi-modally split
the picks, however, overall all of the machine learning picks are good. This is particularly
surprising given that PhaseNet is not designed for 0.1-1.0 Hz bandpassed, teleseismic data,

further processed into high signal-to-noise beams.

5.3 Conclusion and future work

Using PhaseNet and an example teleseismic event in southern Peru, I have shown that
multiple P wave beams with >0.8 maximum normalised power, calculated with a hori-

zontal slowness search grid, can be picked by a machine learning algorithm and used to
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generate pick statistics.

To expand the functionality of this approach, a number of further steps are required. I
need to test if other earthquake events with variable source parameters (depth, magnitude,
distance) also produce positive picks using a machine learning algorithm, since consistency
across a broad range of events and resultant seismic data is important to establish a new
application. Other machine learning seismic pickers should also be applied and the results
compared to determine which algorithm works the best for this approach — this could
include assembling a labelled training set of teleseismic data, to create a more relevant
machine learning picking model for my purposes. Finally, given that the output of the
machine learning pickers includes a probability distribution for each arrival, there is the
potential to develop more meaningful statistical analysis of the picks which converts into

a useful pick uncertainty.

In terms of future usage, I could apply this approach to adapt the results from the Chapter
amplitude pick based methodology into a set of community-comparable onset times.
External agencies may also be interested in this approach, since the ability to automatically
pick P onsets on vespagrams opens up an opportunity to use array processing to determine
picks which are typically incoherent, and assign informed uncertainty estimates to the

picks.

For now it is not critical to pursue this research further, since I have previously found an
amplitude pick to onset pick conversion (see Chapter [4)) which has a high enough success
rate to allow me to compare my results to those reported by global agencies, and the
required steps outlined above to fully appraise this methodology will take significantly

more time than I have currently available.
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Chapter 6

Crustal thickness determination
using pmP phases identified from

adaptive teleseismic array data

6.1 Introduction

The boundary between the Earth’s crust and mantle is defined by the Mohorovi¢i¢ discon-
tinuity (see Section[1.3.3)) — commonly referred to as the ‘Moho’ (Mohoroviéid, [1910). This
boundary can be identified seismically by observing a diagnostic change in P and S wave
velocities, for P the velocities change from 6.0-6.8 km/s in the crust to approximately 8
km/s in the mantle (Prodehl et al., 2013). The depth at which the Moho exists is a crucial
factor for many areas of Earth Sciences, such as seismic tomography, plate boundary /geo-
dynamic reconstructions, isostatic compensation studies, geothermal and mineral physics
predictions, and resource exploration. It is therefore important to accurately determine
the depth of the Moho, and the roughness of the boundary, in order to better inform the

research which relies upon the Moho as a constraint.

During the early 1900s, controlled-source seismology emerged as a technique to study
intra-crustal layers and the Moho. This became the standard approach to investigate the
uppermost layers of the Earth post World War II (e.g. [Hodgson, (1946; Byerly, 1946; |Will-
more et al} 1952)). However from the late 1970s onwards, the use of passive seismological
techniques to study the Moho emerged with the use of receiver functions calculated from

teleseismic (30°-90°) earthquake signals (Langston, (1979)). From the 1990s the develop-
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ment of mobile, high-quality broadband seismic instrumentation in large numbers assisted
the relevancy of passive seismology, as temporary deployments in difficult environments
and locations aided global seismometer coverage (Prodehl et al. [2013). The rise in passive
seismology also meant that countries with strict regulations concerning active explosions

now had an alternative method to study their crustal structure.

Typically receiver functions are used to identify P to SV conversions occurring at key
velocity discontinuities in the Earth, most commonly the Moho. To create a receiver
function, a seismogram with teleseismic arrivals has its radial component deconvolved
by the vertical component, as an approximation of the source-time function, and usually
stacked with other move-out corrected receiver functions, to identify P to SV converted
phases (Farra & Vinnik, [2000). The deconvolution acts to remove the signal contribution
of the source and near-source structure, to isolate the near-to-receiver converted phases
(Langston, 1979). P to SV receiver functions rely on the idea that any S wave associ-
ated arrivals occurring prior to the direct S wave and alongside P coda arrivals must be
converted energy (Wilson et al., [2006]). The times of the P to SV phase arrivals can thus
be used to determine the depth of the P to SV converting Moho (Yuan et al., 2002),
with amplitudes carrying information on the discontinuity structure. It is also similarly
possible to use S to P converted phases arriving as precursors to S, which can be used in

cases where P to SV arrivals are difficult to determine (e.g. [Farra & Vinnik, [2000]).

Receiver functions have opened the door to study regions of the Earth with local seismome-
ters who cannot use controlled source experiments, and have seismically active margins
within teleseismic distances, to investigate the depth of the Moho locally. For regions with-
out a local network of broadband seismometers, another method to determine the depth
of the Moho using passive teleseimic signals was developed by [Zhang and Lay| (1993) and
Zandt et al.[(1994). The approach of |Zandt et al.|(1994) instead leverages the high density
of broadband seismometers at teleseismic distances away from the study region to identify
the pmP phase. The pmP phase is generated from a P wave reflecting off the under-
side of the Earth’s crust (i.e. at the Moho) before travelling to a seismic station to be
recorded. The caveat is that the study region will need to be seismically active sub-Moho
for the pmP phase to be seen on teleseismic seismograms. Furthermore, the pmP phase
will not be observable on seismograms for crustal events or for seismometers closer to the
source than 30° epicentral distance due to the lack of separation between direct P arrival,

pmP; and the pP depth phase (near-source, free surface reflection of P). The detection of
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the pmP phase is useful to calculate the depth of the Moho, and thus crustal thickness,
when considered in parallel with the pP depth phase arrival time, a process applied by

McGlashan et al| (2008) to data sampling the Central Andes.

McGlashan et al.| (2008) use 4 arrays in the USA to stack seismic data associated with
events with magnitudes greater than Mw 5.8, and hypocentres deeper than 100 km. Array
processing boosts the signal-to-noise ratios of the low amplitude pmP and pP phases to
aid detection. The differential time between the two phases is subsequently converted to
a Moho depth (associated to the reflection point between the source and array location),
using a P wave velocity (Vp) of 6.2 km/s. The Vp was determined from a Pg distance-time

plot for stations between 28°S-33°S.

In this chapter I extend the method outlined by |McGlashan et al. (2008) by creating ad-
hoc arrays from all available teleseismic stations per event, therefore utilising the increased
number of broadband instruments deployed globally, to create stacks to identify P, pmP
and pP arrivals and determine their differential times automatically. The method I apply
directly follows on from the approach described in Chapter [2, where regional catalogues of
intermediate-depth earthquake depths are created automatically using teleseismic ad-hoc

arrays to detect the P, pP and sP phases.

6.1.1 Relocating intermediate-depth earthquakes using depth phases

Previously I have worked on a methodology in Chapter [2] which leverages the increasing
density of teleseismic data density, to automatically relocate intermediate-depth events
(Blackwell et all [2024). The approach dynamically organises the available teleseismic
stations for a given event into ad-hoc arrays, to optimise the available data, using a com-
bination of the DBSCAN (Density-Based Spatial Clustering of Applications with Noise)
and the Ball-Tree nearest neighbour algorithms (Pedregosa et al., 2011). Array processing
techniques are subsequently applied to each array to enhance the detection and identifica-
tion of the P, pP and sP phases, particularly the low signal-to-noise ratio depth phases.
The calculated sP-P and pP-P differential times are converted to depth with a 1D velocity
model and a final earthquake depth is determined. The approach can be used to quickly
create a high-resolution, regional intermediate-depth earthquake catalogue using depth

phases (Blackwell et al.l 2024).

For this chapter, I build upon the results of the intermediate-depth earthquake relocation
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Figure 6.1: 2D schematic (top) of the P, pmP and pP ray paths from an earthquake
hypocentre (star) to a teleseismic receiver (triangle), and an example vertical component
(bottom), phase-weighted velocity array beam from a 2.5° aperture array located at 86.4°
epicentral distance (array centre is (41.76°N, 4.99°W)) from the 8th October 2012, my 5.9
event located at (21.80°S, 68.87°W).

methodology found in Chapter [2] for Peru and northern Chile. I take the ad-hoc arrays

found per event, their resultant phase-weighted vespagrams (Schimmel & Paulssen) |1997)

and optimum beams (phase-weighted beams calculated using the best-fitting slowness and
backazimuth for each ad-hoc array) to look for an additional low amplitude phase expected

to arrive between P and pP — pmP.

The pmP arrival represents a P wave which radiated upwards from the hypocentre, re-
flected off the base of the crust at the Moho, and is received at a teleseismic station.
Whilst a pP arrival follows a similar ray path, it instead reflects off the free surface before
travelling to a teleseismic receiver. The delay time between the pP and pmP arrivals
therefore relates to the thickness of the crust at approximately the bounce points of the
pmP and pP waves (Figure . A summary workflow demonstrating how I detect and
identify the pmP arrivals from my ad-hoc array data, and convert the differential times

into a crustal thickness can be seen in Figure 6.2
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Figure 6.2: Workflow summarising the key steps of the method to detect pmP arrivals
and convert the calculated pP-pmP differential time into a crustal thickness. Inputs to
the method are obtained following the approach in Chapter

6.2 pmP Methodology

6.2.1 Automatic identification of pmP

Beginning with an intermediate-depth earthquake catalogue relocated using the method-
ology presented in Chapter [2] the formative ad-hoc arrays and their beamformed data,
I identify events with viable P and pP picks. Events without a pP pick are discarded.

For the purposes of demonstrating the methodology, I use the catalogues for Peru and

northern Chile presented in Blackwell et al.| (2024) /Chapter [2l These catalogues include

events between 1995-2023, magnitudes my 4.7-6.5 and depths of 40-350 km with sufficient

seismic data to be successfully processed (for selection criteria see Section [2.2.1]).

For events with pP picks, I identify a first-pass crustal thickness for each earthquake by

extracting the Moho depth from the Crust 1.0 model (Laske et al., 2013)) at the epicentral

coordinates. Ideally I would use the coordinates of the pmP phase bounce point for each
ad-hoc array, however, I choose to use a single initial crustal thickness for an event which

can be representative for all azimuthal directions at this stage. I use the first-pass crustal

108



Crustal thickness determination using pmP phases 6.2. pmP Methodology

0 T e e e e 0 T
b -
s |
e :
— I
\ |
1000 x |
. & 204 e -
X |
% |
2000 b !
X i i 24
\ [
'\ 40 A
£ ) '
S 3000 DL e RNk S B A i 20 I
£ N\, |
a N e s Jrreeenasenees
o \ !
\ 60 - |
4000 - \ |
\ !
\ !
\ !
5000 - | 80 !
\
\ !
Modified - P \ Modified - P |
— 2 1 - 4 |
—— ak135-P i ak135-P |
----- Crust 1.0 Moho i +==== Crust 1.0 Moho |
. . . T . 100 . : . : . = .
6 8 10 12 14 50 55 60 65 70 75 80 85 90
Velocity (km/s) Velocity (km/s)

Figure 6.3: Comparison of the ak135 velocity model for P, with the modified version for
the my 6.1 event which occurred on 15th April 2017 in northern Chile. The entire model
and the upper 100 km can be seen on the left and right plots, respectively.

thickness to build a tailored 1D velocity model for each event, this ensures that my velocity
model represents my initial Moho depth for where each event samples the Moho. I adjust
the ak135 velocity model (Kennett et all [1995) by replacing the Moho depth with the
first-pass crustal thickness for the event, and inserting a uniform velocity layer for the
crust above. I use 5.9 km/s as the P wave velocity (Figure , see Section for

further discussion on the choice of velocity model.

For a given event, I use the modified ak135 1D velocity model (Kennett et al., |1995) and
the relocated hypocentral depth determined in Chapter [2| to predict the arrival times for
the P, pmP, and pP phases (Crotwell et al., [1999) for each ad-hoc array. A time window-
based approach is subsequently applied to automatically identify the pmP arrival from
each phase-weighted beam for the different ad-hoc arrays. To define the centre of the
time window, where I expect to see a pmP pick (assuming the Moho depth from Crust
1.0 (Laske et al., |2013)), I subtract the modelled differential time between the pP and
pmP arrivals from the previously identified ad-hoc array pP arrival time. The difference
between the pP and pmP phases should be entirely sensitive to the crustal structure, as

opposed to the event depth or near-source velocity structure, and therefore less susceptible
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to source location and velocity structure. Applying the modelled differential time to the
already identified pP pick should limit the impact of the receiver-side structure variations,
since the original pP phase picking routine depends upon receiver-side wave parameters

extracted directly from the ad-hoc array data (see Section [2.2.4.1]).

Around the centre of the time window, I apply a £2.5 seconds of padding (see Section
for further information about the window size) which, according to the ak135 travel
time tables (Kennett et al., [1995)), equates to approximately +8 km in crustal thickness
(see Appendix . If the +2.5 second window edge becomes too close to the P or pP
wave arrivals, the relevant window bound is limited to the wave arrival time plus or minus
half of the P arrival duration, respectively. This is in effect to enforce sufficient phase
separation between either P and pmP, or pmP and pP to enable confident identification.
The pmP phases may arrive immediately after the P arrival if the event is shallow and/or
the Moho is deep, and vice versa for pmP arrivals arriving shortly before pP waves for
thin crust. The wavelength of the P arrival is calculated using a peak widths function
(Virtanen et al.; 2020 applied to the phase-weighted beam envelope of the ad-hoc array,
where the wavelet width is found at a relative amplitude of 0.9. Finally, I search for
arrival peaks with a prominence at least 0.05 of the maximum peak of the beam envelope,

typically the P arrival, and select those which occur within the defined time window.

Using the window-based picking approach, I can expect to find none, one or multiple
potential peaks. If zero peaks are found, I cannot return a crustal thickness for the ad-hoc
array. Otherwise, I test whether the peaks are significant enough in terms of amplitude
to be considered a phase arrival, by calculating their signal-to-noise ratios. I calculate the
mean amplitude within a 40 second window immediately before the P wave arrival to use
as the background noise level. The ratio between the amplitude of the envelope for a given
pick and the calculated background noise must exceed 8 to be considered as a pmP pick

candidate.

If only a single pick remains after the signal-to-noise ratio check, that pick is selected as
the pmP arrival. If a number of picks remain post the signal-to-noise ratio check, the peak
with the highest signal-to-noise ratio is selected as the final pmP pick. Whilst I recognise
that the signal-to-noise ratio is not a good diagnostic feature for choosing a pmP depth
phase, I expect that other phases which may arrive between the P and pP arrivals are

likely to exhibit smaller amplitudes since they originate from lower impedance contrasts,
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Figure 6.4: Example ad-hoc arrays for the my 6.1 event which occurred on 15th April
2017 and for the 8th October 2012, my; 5.9 event located in northern Chile, with their
automatic pmP picks. Vespagrams and optimum beams are shown for ad-hoc arrays at an
epicentral distance/backazimuth of 58.4°/168.3° (a) and 74.7°/142.7° (b) from the 2017
event, and 59.3°/155.7° (c) and 64.8°/168.3° (d) for the 2012 event. The dashed red lines
indicate the maximum and minimum pmP window bounds allowed, to ensure sufficient
phase separation for clear phase identification. The blue solid lines show the 5 second pm.P
search window location, and the black dashed lines at a given slowness are the picking
thresholds on the optimum beam plots.
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and therefore, lower reflection coefficients. An exception to the rule could be an intra-slab
earthquake P phase reflecting off the top of the subducting slab, however I would expect
such a phase to have travel times very similar to the P arrival and rarely be significant
in prominence on teleseismic broadband data. Figure illustrates four example ad-hoc

arrays with pmP picks from two earthquakes, to demonstrate my methodology.

6.2.2 Determining crustal thickness

To determine a crustal thickness using the identified pmP arrivals, I supply a range of
test Moho depths and forward model the expected differential arrival times for pP-pmP.
These are subsequently compared to the observed pP-pmP relative arrival times from my

ad-hoc array data.

The test Moho depths range from +15 km around the first-pass crustal thickness depth
from Crust 1.0 (Laske et al., 2013]), and step in intervals of 200 m. If the test range extends
below the event depth, the test range is truncated to the event depth. Similarly, if the

test range extends above the surface of the earth, it is truncated to 0 km depth.

For each test Moho depth, a simplified velocity model is built using the same approach
as described in Section The arrival times of pmP and pP are thus predicted using
the new velocity model and ray tracing (Crotwell et al., [1999) for each ad-hoc array,
and the differential time calculated. The test Moho depth which provides the smallest
residual between the predicted and observed pP-pmP differential times is selected as the
best-fitting Moho depth, and therefore provides the crustal thickness at approximately the

pmP bounce point.

To find the refined pmP bounce points, I use the newly determined crustal thickness and
its associated velocity model to predict the coordinates where the P wave ray path pierces
the Moho. I associate the crustal thicknesses determined with the pmP bounce point

coordinates, and construct a final catalogue of crustal thicknesses.

6.2.3 Search window length determination

A number of search window lengths were tested for the purpose of identifying pmP arrivals
more accurately and consistently. Figure demonstrates the importance of the window
size, by showing the difference between the pmP picks detected when applying a £2, 2.5

or 3 second window bound. If the window is too large, the risk of incorporating and

112



Crustal thickness determination using pmP phases 6.3. Results

mis-identifying P wave coda (Fig and b) or intracrustal reflections as pmP arrivals
becomes greater. However if the window is too small, velocity model and first-pass crustal
thickness discrepancies become more impactful, and the likelihood that a valid pmP arrival
is included in the search window is reduced (Figure and d). I, therefore, use a +2.5

second window to detect pmP.

6.2.4 Velocity model determination

Initially T attempted to use the weighted mean (6.22 km/s) calculated from the Crust 1.0
velocity model (Laske et al.,[2013)) as the uniform crustal velocity, above an ak135 (Kennett
et al) [1995) mantle. However, testing conducted on the Chilean data demonstrated that
the Crust 1.0 velocity model underestimates the P wave traveltime in regions with thicker
crust (Figure ) This becomes problematic when my pmP search window is dependent
upon the predicted arrival time for pmP, and consequently I found that valid pmP arrivals
were not included in the search window. Since data points illustrating regional thickening
of the crust are important for creating a new Moho depth map, I needed to find a solution
which allowed the identification of pmP arrivals generated by a deeper Moho, with slower
than expected crust. The two options were to widen the search window — however, as seen
in Figure [6.5] a wider window allows greater mis-identification of P wave coda as a pmP

arrival — or find a better fitting velocity model.

In accordance with previous studies (Yuan et al. 2002; [McGlashan et al., 2008; Ryan
et al., [2016)), I tested a range of constants to use as a uniform crustal P wave velocity,
ranging from 5.9-6.2 km/s in steps of 0.1 km/s. I found that all velocities tested produced
significant numbers of data points, which upon inspection, pick pmP arrivals consistently.
I therefore select Vp = 5.9 km/s, as this velocity generated the greatest number of pmP

picks, including those in the regionally thicker crust (Figure )

6.3 Results

6.3.1 North-mid Andean Moho depth

The north-mid Andean crust (Ecuador-Peru-Bolivia-Chile, 0°-24°S) is rarely studied cohe-
sively, with many studies focussing on the latitudes between 14°S-24°S where the Altiplano
(also known as the Andean Plateau) exists (e.g. [Dorbath et al., [1993; [Zandt et al., [1994;

Allmendinger et all, [1997; Giese et al., [1999; [McGlashan et al.l 2008; Ryan et al., 2016),
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Figure 6.5: Example ad-hoc arrays for two events in northern Chile, to demonstrate the
significance of the pmP search window length. Vespagrams and optimum beams are shown
for 2 ad-hoc arrays, (a) and (b) are an array at epicentral distance = 61.3° (23rd August
2014 event), whilst (c¢) and (d) are showing an array at epicentral distance = 86.4°(8th
October 2012 event). (a) uses a £3 second search window, whilst (b) uses a £2.5 second
window — the smaller window avoids mis-identifying P wave coda as a pmP arrival. (c)
uses a £2 second window, whilst (d) has used a £2.5 second window — the larger window
allows a greater margin of error between the first-pass crustal thickness/predicted pmP
arrival and the observed arrival time.
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Figure 6.6: An example ad-hoc array for the my 5.7 event which occurred on the 4th June
2022, at an epicentral distance of 84.0° with a bounce point in a region of thicker crust
(approx. 80 km). Vespagrams, optimum beams and automatic pmP picks are shown for
a search window based upon (a) the Crust 1.0 (Laske et al., 2013) mean velocity (6.22
km/s), and (b) a 5.9 km/s constant crustal P velocity. It is clear that the Crust 1.0 based
model provides a pmP search window which is too delayed to capture the pmP arrival.

and few extending northwards into Peru (e.g. [James & Snoke, |1994; (Condori et al., |2017)).

This is likely due to the more complex nature of the Altiplano and its role in understanding
the geodynamic past of this segment of the Nazca-South American plate subduction zone,

compared to the relatively flat and feature-less Peruvian Moho above flat slab subduction

(Ma & Clayton| 2015} Hayes et al., |2018).

The Altiplano (see Figure|1.10]) extends approximately 1800 km, has a maximum width of

between 350-400 km, an elevation of ca. 4000 m and is the second largest plateau in the

world based on height and extent (second to Tibet) (Dorbath et al., [1993; |Allmendinger|

1997). Uplift began 25 Ma ago coevally with an increased convergence rate at the

subduction zone, and the associated crustal shortening recorded at the surface is thought

to account for 70-80% of the observed crustal thickness (Allmendinger et al., [1997). The

remaining thickening is attributed to a combination of lithospheric underplating, magmatic

intrusion, thermal uplift, and/or upper mantle hydration (Allmendinger et al.| 1997} |Giese|

, 1999)). The elevation of the plateau is also thought to be supported by lithospheric

thinning, due to the removal of denser eclogite from the lower crust and mantle lithosphere

(Garzione et al., 2006). Furthermore the Altiplano displays low seismic velocities in the
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crust (Dorbath et al., 1993} |Swenson et al., |2000), which is consistent with my observations
when selecting a suitable velocity model (see Section, and a strong crustal anisotropy
which Zandt et al.| (1994) interpret as a thick, largely felsic crustal root. There are two
domains which flank the Altiplano — the Eastern Cordillera, a fold-thrust defined domain,
and the Western Cordillera, a volcanic domain lined with stratovolcanoes (Garzione et al.,
2006; Ryan et al., 2016) — which display differing seismic characteristics (Dorbath et al.,
1993} Giese et al., [1999).

I test my methodology (Section on the north-mid Andes, using the relocated intermediate-
depth earthquake catalogues and ad-hoc arrays for Peru and northern Chile created by
Blackwell et al. (2024) in Chapter I identify 2124 pmP arrivals, which define pmP
bounce points reflecting off the Moho and crustal thickness measurements, including across
the Western Cordillera, Altiplano and Eastern Cordillera. I linearly interpolate between

the crustal thickness measurements in order to create a map indicating Moho depth (Fig

6.7h) across the north-mid Andes (0°-24°S).

The Moho depth map indicates a regional thickening of the crust inland from the western
coast, increasing from approximately 20 km to 70-75 km thick in southern Peru and
northern Chile. The thickened crust forms a NW-SE spine, which correlates well with the
location of the Altiplano, and appears to taper and thin to the east. However I have a

limited number of data points to constrain Moho depth on the eastern side of the Altiplano.

In comparison, the Moho depth around the west side of the Altiplano is well constrained
in northern Chile and southern Peru by my pmP bounce points, whilst the north of Peru
is largely unconstrained between approximately 4°S-13°S, and 500 km inland. The likely
cause of this is the lack of intraslab seismicity within the flat slab portion of the down-
going Nazca plate, which reduces the sampling rate of the overlying crust. From the
results I have determined in northern Peru, a broad thickening of the crust inland from
the east coast is also apparent, with a shallower overall Moho depth (approximately 40-50
km) than observed in the northern Chile. The broad thickening correlates well with the

location of the Andes mountain range.

6.3.2 Receiver function validation

I validate the crustal thicknesses found using my pP-pmP relative time methodology, by

comparing my results to the crustal thicknesses calculated in Peru and northern Chile
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with receiver functions by [Yuan et al. (2002)), Ryan et al.| (2016)) and |Condori et al.| (2017)
(see Figure [6.7p).

Yuan et al.| (2002) used 642 receiver functions from 170 stations to estimate the thickness of
the Moho in the central Andes (17°S-25°S) using a combination of short period, temporary
(approx. 3 months) station and longer term (more than a year), broadband station data.
They found a thickening in the crust from 35 to 70 km from the fore-arc to the Altiplano,
with the thickest crust to the north of the Altiplano. Further thinning to the east was also
indicated, away from the apex of the Altiplano, to approximately 30 km. The receiver

functions were stacked in a 1x1° grid, resulting in a resolution of 1° for the final results.

Ryan et al.| (2016]) took 343 teleseismic events recorded on the CAUGHT temporary array
and 38 additional stations between 10°S-22°S latitude in Chile and Bolivia to construct a
Moho map for the central Andes. Broadly they find that there is a wide spine of thickened
crust below the Altiplano, with Moho depths of 65-75 km from south to north-west. The
Altiplano decreases in thickness eastwards to approximately 35 km thick. These findings
agree with those found by [Yuan et al,| (2002)). The Moho depth map produced indicates
smooth transitions between the varying crustal thicknesses west to east and north to south,
whilst comparison to modelled Airy isostatic thickness indicates small, local anomalies
where the crust is thinner or thicker than expected (Ryan et al., 2016). Ryan et al.
(2016) suggest uneven climate induced exhumation, and lithospheric delamination for the
variation in isostatic compensation regionally. |[Yuan et al. (2002) also suggest partial
removal of the crust via delamination from the entire Altiplano, after comparing expected

elevation (Bougueur anomaly) to the observed elevation.

Condori et al.| (2017) calculated a total of 981 receiver functions from a combination
of 28 permanent broadband stations, 12 temporary broadband stations from the SisNort
network and one CTBTO (Comprehensive Nuclear-Test-Ban Treaty Organisation) seismic
station located in Peru. They find that the crustal thickness varies from west to east —
the crust is approximately 25 km thick on the west coast, to 55-60 km thick underneath

the Andes and thinning to 35-40 km in the Amazonian Basin further to the east.

Our results show similar findings for the north-mid Andes — a thicker, broad spine of
crust following the Andes/Antiplano from north-west to south (see Section [6.3.1). To
quantitatively compare the receiver functions to my pmP determined results, I linearly

interpolate each of the three sets of receiver functions and Crust 1.0 data points (Laske
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Figure 6.7: (a) Bounce point locations and associated Moho depths of the identified pmP
arrivals for the north-mid Andes, and the linear interpolation. (b) Receiver function
locations and associated Moho depths from previous studies (Yuan et al., 2002; Ryan et|
[2016; [Condori et al., [2017), with a linear interpolation of Crust 1.0 (Laske et al.l [2013)).
(¢) Moho depth differences between the linearly interpolated receiver function results and
the pmP crustal depths from this study. (d) Moho depth differences between the linearly
interpolated Crust 1.0 model and the pmP crustal depths from this study. Altiplano crust

is outlined in a grey dotted line on all panel (|Zandt et al.|, |1994|).
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et al., 2013)), extract the Moho depths of the interpolations at the pmP bounce point
coordinates (for the results which exist within the receiver function interpolations), and
directly examine the difference in depth. Figures[6.7] and [6.8 summarize the findings from

this comparison.

It is clear that the Moho depth results from this paper broadly correlate with those found
previously. However there are up to £40 km differences, particularly for the Ryan et al.
(2016) data set, along the coastline, and the pmP determined depths tend to be 2.5-7.5
km deeper than those of the previous studies (Figure . The largest discrepancies exist
on the border of Peru and Chile along the coastline, where my pmP based results indicate
a thicker Moho depth of approximately 40-50 km, whilst |[Ryan et al.| (2016) find crustal
thicknesses of 10-30 km. The discrepancies could be due to poor handling of Moho gra-
dient by both the pmP bounce point methodology presented here and receiver function
stacking (L. Zhu & Kanamori, 2000), mis-identification of interfaces on the receiver func-
tion stacks/mis-picks on my beamforms, and differing velocity models for conversion of the
time domain to depth. Ryan et al. (2016)) use a regional 3D velocity model derived from
ambient noise above 60 km depth, and TASP91 1D global model (Kennett & Engdahl,
1991) sub 60 km, whilst T use the ak135 1D global model (Kennett et al., [1995)) with the

simplified crust.

I show example ad-hoc arrays which have the largest Moho depth differences between
their pmP derived crustal thicknesses and those found by the receiver function studies
and Crust 1.0 (Fig [6.9). I believe examples (a-c) demonstrate strong pmP picks which
support my Moho depth determinations. However for (d), it is possible that the peak
at 619 s is the actual pmP arrival, and I mis-identified it using my methodology. If the
other pick had been identified as pmP, the Moho depth for ad-hoc array would have been
34.90 km and the discrepancy with Crust 1.0 only 4.67 km. I do not currently have a
process which removes bounce points with Moho depths which do not appear to fit other
local data points, rather I rely upon the linear interpolation to smooth out anomalous

measurements. This is possible due to the high numbers of pmP picks.

6.3.3 Moho depth resolution

To determine the thickness of the crust, waves which reflect off or pass through the Moho
are used (e.g. for us, pmP waves, for others, receiver function conversions). The area

of the Moho that the waves sample can be simply approximated using knowledge of the
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Figure 6.8: (a) Receiver function and Crust 1.0 Moho depths compared to the Moho
depths found during this study, and (b) a stacked histogram demonstrating the frequency
of the variance between the validation datasets and the results from this study.
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Figure 6.9: Example results from ad-hoc arrays, with their vespagrams (top) and opti-
mum beams (bottom), for data points which have large discrepancies with the validation
datasets. Comparison Moho depths and their dataset are labelled above each plot. (a)
Results for 4 September 2017 (epicentral distance = 82.4°). (b) Results for 8 June 2011
(epicentral distance = 53.7°). (c) Results for 14 June 2007 (epicentral distance = 54.3°).
(d) Results for 17 July 2020 (epicentral distance = 62.1°).
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Fresnel zone. Assuming the wave is travelling perpendicularly to the Moho, I can calculate

the Fresnel zone using crustal thickness, event depth, a resolution of 1/4 wavelength and

the ray path geometry (see Appendix [A.13)).

For [Yuan et al.| (2002), bins of 1x1° were used to stack the receiver functions, which is
larger than the predicted Fresnel zone, and therefore their Moho depth resolution is 1°.
Meanwhile Ryan et al. (2016) use common conversion point stacks in bins of 50x50 km
(roughly 0.4x0.4°). However, a quick calculation of each receiver function’s Fresnel zone

indicates that the sample area could be up to 1.2°.

For my work, the Fresnel zone of each pmP arrival observed between my 0.1-1.0 Hz
bandpass filter can be up to 0.5°. In addition, I expect loss in my Moho depth resolution
due to the stacking of ad-hoc array waveforms into beams, which needs to be taken into
account. I find a maximum distance of 0.07° between the pmP bounce points which could
be recorded in the same 2.5° array aperture (see Section , modelled for a 60 km
crustal thickness. Therefore, despite the spread in source-side pmP bounce points, the
sampling area for my pmP beamforms is estimated to have a maximum of 0.57°, which
is significantly smaller than the receiver function results. I also have a greater lateral
sampling density (this is irregular, however) of the Moho, achieved from using the bounce
points surrounding an event location, over a potential backazimuth range of 360°. The
smaller sampling area and increased number of data points sampling the Moho may help

to highlight small-scale Moho roughness.

6.3.4 pmP and pP relative amplitudes

Although many pmP phases have been identified during my study, a large number of ad-
hoc arrays failed to have a crustal thickness determined (approximately 93%). There are
four possibilities for failure (besides an ill fitting selection window), all four stem from the
pmP arrival not having enough prominence to be selected/pass the signal-to-noise ratio
threshold, (1) the ad-hoc array is in close proximity to the nodal plane of pmP radiation
pattern, (2) the local Moho roughness is scattering coherent pmP reflections, (3) the Moho
does not have a great enough impedance contrast to reflect the P wave efficiently and/or
(4) the pmP ray path is highly attenuating for varying reasons (Oliver et al., |1983; |Cook,
2002; [Zandt et al.l 2004). Suggestions to explain the variability for reasons 2, 3 and 4
include compositional differences, such as ecologitization/hydration of the upper mantle,

crustal delamination and lower crustal flow (McGlashan et al. 2008).
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To investigate the nature of the Moho using the results of my methodology, I calculate
the relative amplitudes of the detected pP and pmP arrivals per ad-hoc array. This aims
to remove the influence of the source mechanism and retain amplitude information, which
can be used to make inferences about the Moho reflector, given that both pmP and pP
have the same angle of incidence at the Moho. Using the phase-weighted beams, I find a
range of relative amplitude ratios between pmP and pP from 0.04-6.72, over both Peru
and northern Chile, however after inspecting the data with large relative amplitudes, it is
clear that data points with values above 1.72 are associated with noisy optimum beams
with persistent, large amplitude P wave coda. Examples of ad-hoc arrays with relative
amplitude values of 1.69, 1.72 and 1.73 can be seen in Figure (bounce point locations
can be seen in Appendix . Whilst Figure and b still have confident pmP picks,
Figure shows large signal amplitudes between the P and pP arrivals which discredits
a pmP pick on the vespagram. I therefore choose to remove pmP arrivals, and resultant
crustal thicknesses, which have been derived from vespagrams demonstrating a pmP /pP
relative amplitude greater than 1.72 as a quality control measure. Events which do not

pass this measure are already removed from Figure [6.7]

I use the amplitude ratios found from the phase-weighted beams initially as a quality
control, since they are used for the original pmP detection, and include a measure of
coherency and therefore confidence in the arrivals. From henceforth, I will be considering
the relative amplitude of the arrivals on linear beams to investigate the Moho, which range
from 0.08-2.74. Iillustrate a range of relative amplitudes (showing both the phase-weighted
and linear ratios for comparison) found from the vespagrams of a single earthquake event

in Figure [6.11] as an example.

The majority of the relative amplitudes calculated are less than one (89.7%), indicating
that typically the pmP wave reflection coefficient at the Moho is smaller than the pP
reflection off the free surface. This is in agreement with the expected difference in the
reflection coefficients of the free surface and the Moho, which I have modelled using the
ak135 1D velocity model (Kennett et al., [1995)) and Shuey’s approximations (Shueyl, [1985)
for the Zoeppritz equations, with respect to incidence angle (Figure . Given that the
amplitude ratio between pmP and pP is inherently overprinted by the expected difference
in the surface and Moho reflection coefficients, I need to find a normalising factor in order
to interpret where interface reflections are demonstrating an unexpected transfer of energy.

I approach this by calculating the ratio between the reflection coefficients for the pmP and
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Figure 6.10: Example ad-hoc arrays, with their vespagrams and optimum beams, demon-
strating the 1.72 upper bound on the usability of the phase-weighted relative amplitudes
between pmP and pP. (a) Shows ad-hoc array 74.3° epicentral distance from the 2nd
November 2022 event with relative amplitude of 1.69. (b) Shows ad-hoc array 75.7° epi-
central distance from the 26th March 2023 event with relative amplitude of 1.72. (c)

Shows ad-hoc array 70.8° epicentral distance from the 26th October 2018 event with rel-
ative amplitude of 1.73.
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Figure 6.11: Example ad-hoc arrays, with their vespagrams (top), phase-weighted opti-
mum beams (middle) and linear optimum beams (bottom), demonstrating the range of
the relative amplitudes between pmP and pP for a single event from 26th March 2023. (a)
Shows ad-hoc array 82.1° epicentral distance with relative amplitude of 0.19. (b) Shows
ad-hoc array 69.4° epicentral distance with relative amplitude of 0.50. (¢) Shows ad-hoc
array 75.7° epicentral distance with relative amplitude of 1.72.
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Figure 6.12: Histogram of the angles of incidence for the depth phase bounce points,
overlain by the modelled reflection coefficients (R) for the free surface and the Moho using
parameters from the ak135 1D velocity model (Kennett et al., [1995), and the ratio of the
modelled Moho to free surface reflection coefficients (reflectivity coefficient ratio).

pP ray paths, using my modelled free surface and Moho reflection coefficients as a function
of incidence angle, and the incidence angle of each depth phase bounce point for which I
have results (Figure[6.12). For each pmP/pP data point, I select the modelled reflectivity
coeflicient ratio corresponding to the incident angle calculated for the pP bounce point,
and use it as the normalising factor for that pmP/pP amplitude ratio. Therefore each
pmP /pP data point is normalised individually, to account for variable incident angles. I
find a range of normalised relative amplitude values between 0 and 5.4. A simple parameter

test indicates that a pmP/pP relative amplitude of approximately 5 is a reasonable value

to expect when varying the ak135 velocity model (Kennett et al., [1995) bounds between

+0.1.

With the removal of the differing interface reflection coefficients and their influence upon
the pmP/pP relative amplitudes, I can look to interpret variation in the nature of the

Moho and crust at locations that my data points sample. In general, particularly small
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Figure 6.13: Spatial distribution of the earthquake catalogue used to find pmP arrivals
(a), and pmP/pP relative amplitudes calculated at the pmP Moho bounce points ((b) for
relative amplitudes <=1 and (c¢) >1). Holocene volcanoes (Global Volcanism Program),
are additionally plotted on (a) as red triangles, and Altiplano crust (represented by
a transparent pink polygon, outlined with a grey dotted line from |Zandt et al.[(1994)) and
Slab2 contours (Hayes et al., 2018) are on all plots.

ratios may indicate a lack of sharp impedance contrast or greater interface roughness at
the Moho. For the relative amplitude data points which equal approximately one, these
represent locations where the observed ratio is as modelled, and likely the only amplitude
difference between the phases prior to normalisation is caused by the reflection coefficients
of the free surface and Moho. Although this is a simplified view, given that other energy
losses such as geometric spreading and attenuation have not been corrected for, I am
assuming that both phases experience the same ray path and therefore identical energy
losses post re-entering the mantle. Finally, the large relative amplitude data points imply
that the pmP waves are experiencing significantly less attenuation along their ray path
than the pP waves, and greater reflection at the Moho. This could be a case where the
crust is particularly attenuating for pP waves due to structural complexity, whilst the pmP
wave is reflecting off a sharp Moho impedance contrast. It is also possible that there are

other phases (intra-crustal reflections, or smP) coherently stacking with the pmP arrival.

On Figure I find that my data points highlight significant areas of the Moho with
similar pmP /pP ratios, and hence indicate spatially linked Moho properties. For example,
broadly I observe high relative amplitudes along the coastline and on the western edge
of the Altiplano between approximately 16°S-23°S; whilst low relative amplitude data

points cluster to a greater extent inland over locations where the subducting slab exceeds

approximately 100 km deep — a weak Moho is also noted here by [Wigger et al. (1991) on

seismic reflection profiles. By comparing the source locations of the earthquake data I have

used to find pmP arrivals (Figure|6.13f) to the pmP bounce point locations (Figure(6.13p),
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Figure 6.14: Histogram showing frequency of the normalised pmP /pP relative amplitudes
calculated at the pmP Moho bounce points (a) and the relationship between the depth of
the subducting slab, using Slab2 (Hayes et al |2018]), and normalised relative amplitude
ratios (b). Red dotted line at 100 km depth, grey dotted line indicates a relative ampli-
tude of 1, and blue solid line shows the rolling relative amplitude mean which flattens at
approximately 100 km Slab2 depth.

I can also observe areas of the Moho where predicted pmP bounce points consistently fail
to generate a detectable pmP arrival on teleseismic data — these events without identified
pmP arrivals appear to be on the second Peruvian flat slab bend (downward into the
mantle) and on the eastern edge of the Altiplano, and likely indicate a low impedance or
rough Moho in these areas. Figure illustrates the frequencies of normalised relative
amplitudes found for the region, with a positive skew indicating generally larger numbers

of low relative amplitude ratios.

Using these observations, I can hypothesise the controls upon the relative amplitude ra-
tio distribution. The occurrence of high amplitude ratio data points along the coastline

may reflect the thinner crust at the margins of the continental crust, and the shallower
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intermediate-depth earthquakes in close proximity to the subduction trench. This combi-
nation may encourage a greater amount of coherent stacking between the pmP phase and
intra-crustal interfaces, due to the smaller pP-P and pP-pmP differential times, to create

an apparently large relative amplitude ratio.

Alternatively, there is a loose correlation between the depth of the subducting slab and
whether the relative amplitude ratio between pmP and pP is smaller than one, particularly
surrounding the Slab2 model (Hayes et al., 2018) 100 km contour. Figure [6.14p tests a
correlation between slab depth and the overlying relative amplitude values, and I observe a
diffuse negative gradient showing that the occurrence of larger relative amplitudes between
pmP and pP is more likely restricted to crust overlying the slab when it is shallower
than approximately 100 km. From this, I infer that the Moho has a larger impedance
contrast when overlying the area where the slab is less than approximately 100 km deep
in Slab2 (Hayes et al., 2018|) and vice versa, assuming that the crustal attenuation is
laterally unchanging. Unfortunately this is likely not true given the work of [Haberland
and Rietbrockl (2001) and [Jang et al.|(2019)). The diffuse nature of the gradient also infers

that the controls upon this observation are not spatially sharp.

Slab dehydration reactions (Kirby et al., [1996; Hacker et al., 2003) could be responsible
for creating a more diffuse Moho interface with a lower impedance contrast when the slab
is deeper than approximately 100 km, since the ejected water lowers P wave velocity in the
overlying mantle (Hyndman & Peacock} [2003; |J. Wang et al., 2019)). However, Syracuse
et al.| (2010) models that the slab in Peru and northern Chile dehydrates to 0.01 weight

% water before 100 km depth, using the phase diagrams created by Hacker| (2008).

Other pertinent conditions that exist around 100 km depth which could influence the
Moho impedance include the presence of a cold, low attenuating mantle wedge nose (Jang
et al., 2019; |Hicks et al., 2023; van Keken & Wilson, 2023) with a sub-vertical boundary at
~100 km slab depth where full upper mantle-slab coupling is thought to occur (Haberland
& Rietbrockl 2001} [Syracuse et al., 2010)) in Chile and cold/dry mantle determined from
low Vp/Vs ratios overlies the Peruvian flat slab (Lim et al., 2018]). This would account for
a faster velocity in the trenchward mantle wedge, where I am seeing high pmP /pP ratios
which would increase the impedance of the Moho boundary and allow greater reflection of
the pmP arrival, than eastward where the mantle wedge is likely coupled to the down-going

slab.
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Furthermore, the presence of a low velocity zone (approximately 10-20% reduction (Yuan
et al., |2000)) within the crust underneath the Altiplano has been proposed using both
wide-angle reflection profiles (Wigger et al., [1991) and receiver function data (Yuan et
al., [2000), and inferred as high temperature rocks with small degrees of partial melting
(Wolbern et al.l 2009; |[Yuan et al., |2002). The Miocene-Holocene arc volcanism addition-
ally exists throughout the Altiplano, which contributes to the low velocities observed in
the area (Graeber & Asch, [1999). The presence of a low velocity zone underneath the
Altiplano could influence pmP/pP relative amplitudes one of two ways — either the pP
wave attenuates more as it traverses hot, slow, potentially partially melted crust to create
a large relative amplitude ratio, and/or the pmP wave reflects poorly off the inefficient
impedance contrast at the Moho (assuming dry, high velocity lower crust underneath the
low velocity zone (Yuan et al., [2000)). The local inter-play of the crustal complexity and
the reduction in Moho reflection coefficient could be why I observe both low and high

relative amplitude ratios beneath the Altiplano.

There are data points which do not fit this broad trend. I suggest a number of reasons
which could account for variation. (1) Lateral variability in slab water content, ther-
mal environment, Moho roughness and crustal complexity could cause local fluctuations
within a regional pattern. (2) The Slab2 model (Hayes et al., |2018) is regionally too
shallow at distances greater than 250 km from the trench throughout Peruvian-northern
Chile as observed in Chapters 2| and [4, which creates apparent discrepancies between the
relative amplitude ratio data points and the 100 km Slab2 contour pattern. (3) There
are bathymetric features on the down-going Nazca Plate (Nazca Ridge, Nazca Fracture
Zone, Mendana Fracture Zone and Grijalva Fracture Zone, see Figure ) which may
have a higher water content than standard oceanic crust, thus driving greater upper man-
tle hydration and lowering the impedance contrast of the Moho/decreasing the pmP /pP
amplitude ratio. (4) Crustal delamination may remove seismically fast lower crust (for ex-
ample underneath the Altiplano, (Yuan et al., 2002; Ryan et al., 2016)), and locally change
the expected Moho impedance as a consequence. Overall, it is unlikely that a singular
condition in the subduction zone is responsible for the trend I am observing, however,
the presence of a cold mantle wedge over the Peruvian flat slab with a coupling depth of
approximately 100 km seems likely to exert the strongest control on the reflectivity of the
Moho interface, with secondary influence from dehydration reactions/slab hydration from

bathymetric features, crustal delamination, partial melt in the crust/crustal complexity
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and recent arc volcanism.

6.4 Conclusion

I previously used adaptive ad-hoc arrays to increase the signal-to-noise ratios of teleseis-
mic P, pP and sP arrivals for intermediate-depth earthquakes in Peru and northern Chile
(Chapter . I build on this work in order to automatically pick pmP arrivals using a
window based approach, and calculate crustal thickness using the differential time deter-
mined between pP and pmP, in conjunction with the ak135 1D velocity model (Kennett
et al.,|[1995)). This enables me to quickly generate crustal thickness maps automatically for
a region, with large numbers of data points and without the need for local seismometers,

assuming that there are frequent sub-Moho earthquakes.

I find crustal thicknesses in northern Chile increase from approximately 25 km along the
coast, to up to 80 km inland underneath the Altiplano, before reducing in thickness again
to the east. My findings broadly corroborate previous crustal thicknesses determined
through receiver functions, although discrepancies of up to 40 km exist. This may be due
to the limitations of receiver functions when the Moho has a gradient, difficulties consis-
tently identifying the Moho within a series of reflective interfaces, differing velocity models
and the use of interpolation between the receiver function data points. Additionally, I de-
termine that the sample area for my beamformed pmP arrivals (0.57°) is smaller than the
compared receiver function areas (1-1.2°), which allows my methodology to demonstrate a

greater resolution crustal thickness map than receiver function techniques for the region.

I also investigate if the relative amplitudes between the picked pmP and pP arrivals
can provide information regarding the nature of the Moho, at a given sample point. I
normalise the relative amplitudes to remove the overprint caused by differing surface and
Moho reflection coefficients, and consider the spatial variation of data points indicating
above and below expected amplitude ratios (ratio of 1 is expected, post normalisation).
I find a spatial trend, whereby the data points overlying slab depths <100 km indicate
higher than modelled relative amplitudes — which I interpret as a sharper impedance Moho,
with more complex/attenuating crust. For the Moho above >100 km slab depths, I infer
a reduction in relative amplitude due to the presence of a diffuse Moho interface. This
trend is likely to be a product of a ~100 km mantle wedge-slab coupling depth, which

leads to cold, high velocity mantle wedge overlying sub-100 km depth slab. Deviations
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from this observed pattern could be attributed to the interplay of bathymetric features
on the down-going slab, crustal delamination, and spatial variations in slab water content

and mantle wedge heterogeneity.
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Chapter 7

South American Subduction Zone:

a case study

7.1 Introduction

7.1.1 Preceding work

Previously, in Chapter [2] I have demonstrated an approach to relocate intermediate-depth
earthquakes in 1D (depth) using array processing to automatically pick the direct P arrival
and the associated depth phases (e.g. pP and sP). This approach was applied to northern
Chile to validate the results with another intermediate-depth earthquake catalogue (Craigj,

2019), and extended to generate a newly refined catalogue for the Peruvian flat slab.

The array processing results and 1D relocations for northern Chile and Peru were subse-
quently used in Chapter [6] to determine the depth of the Moho with pmP arrivals. The
new Moho depth map for northern Chile and Peru corroborates a thickened plateau (the
Altiplano) observed inland, which has a long axis aligned to the subduction trench (Yuan

et al., [2002; McGlashan et al., [2008).

The earthquake location catalogues for northern Chile and Peru were refined further in
Chapter [4, when the automatic P, pP and sP picks from Chapter [2] were combined with
globally reported phases (taken from the ISC) and used to relocate the earthquakes in 3D
with ISCloc (Bondar & Storchak, 2011). The 3D relocations which included the ad-hoc
array determined automatic depth phase picks showed reductions in depth error for 99.9%

of events, and the improved relocations allowed slab features, such as apparent seismicity
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planes and DSZs, to be discussed for northern Chile. I also showed in Chapter |3] that the
array processing approach in Chapter [2| can be extended to incorporate and automatically
pick both the S and sS phases, yet have not demonstrated their incorporation into event

relocation thus far.

Here, I apply all of the presented methodologies developed in the thesis to the entire
South American Subduction Zone (SASZ) (see Section to demonstrate their full
capabilities. Previous chapters have discussed the Peruvian flat slab, and links between
seismicity, Moho impedance, bathymetric features and arc volcanism (Chapters 2| and
|§[). By extending my approach to include the entire SASZ, and including new phases (.S
and s5), I aim to generate catalogues which can be used to assess further links between

seismicity and the background geodynamic setting.

7.1.2 Chapter outline

The selection of the initial event catalogue for the SASZ is described in Section I use
the array processing methodology outlined in Chapters [2| and [3| to automatically detect
and identify the P, pP, sP, S and sS phases in Section [7.3.1] These phases are then
converted from amplitude picks to absolute onset picks, and combined with the globally
reported phases for each event with the approach introduced in Chapter [ in Section
As I have not previously introduced how S coda picks are converted, this will also
be discussed in this section. ISCloc (Bondar & Storchakl, 2011) is subsequently used to
relocate the events in 3D using the combined phase catalogues, with the results shown in
Section Finally, the array processing results per event are analysed for pmP arrivals
using the approach from Chapter [6] to determine a crustal thickness map for the entire

SASZ in Section [T.4]

This Chapter represents the full deployment of all the techniques developed throughout the
thesis, on a continent-scale dataset — a summary workflow of the methodologies applied to
the SASZ, can be seen in Appendix [A.T5] The approaches have previously been described
in Chapters and [0 please refer to these for greater detail. I will demonstrate the
methodologies upon an example earthquake (my 6.0 from 25th July 2016, located in Chile)

to illustrate the approach processing and analysis steps.
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Figure 7.1: Map showing the initial earthquake catalogue used for the SASZ intermediate-
depth earthquake relocation. The thick red line shows where the subduction trench exists,
and red triangles represent the locations of Holocene volcanoes (Global Volcanism Pro-

gram)

2024

. Other bathymetric and slab features are labelled (Zandt et al.,[1994} [Espurt

et al.,

2008

|BilekL |2010|; |Flament et a1.|, |2015|).
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7.2 Initial catalogue

The methodologies I have developed look to refine earthquake locations which have al-
ready been determined by an external agency. For my initial SASZ earthquake location

catalogue, I searched for earthquakes in the ISC events catalogue which occurred:
1. between 01/01/1995 and 09/09/2024.

2. within a box defined by the coordinates: (58°S, 83°W), (14°N, 83°W), (14°N, 64°W),
(58°S, 64°W).

3. between 40 to 350 km deep.
4. between my 4.7 to 6.5.

The results of this search form the initial catalogue for my earthquake relocation approach,
and provides a list of events for which to acquire seismic data, and the accompanying

metadata. The initial catalogue for the SASZ has 2877 events (Figure [7.1]).

7.3 3D earthquake relocation

7.3.1 Data processing

For each earthquake in the initial catalogue taken from the ISC (see Section , all
available BH or HH channel teleseismic data (recorded between 30-90° epicentral distance),
and their metadata, are downloaded from open access FDSN servers using ObspyDMT

(Hosseini & Sigloch, 2017). These data are then processed to prepare for the array-based

approach used in Section

The processing begins by discarding traces if they have gaps or missing data and rotating
any horizontal components into the N and E orientations (if they are not already), using
the component orientation stored in the metadata. The data then have their instrument
response deconvolved into units of velocity, are linearly detrended, demeaned, have a 5%
end taper applied, are bandpass filtered, resampled to 10 Hz and normalised to their peak
amplitude. The bandpass filter applied depends on the component. Z component data is
filtered between 0.1-1.0 Hz using a 3-corner Butterworth filter, whilst horizontal compo-
nents are filtered between 0.03-0.2 Hz. For the duration of the seismic data processing,

the Z components and horizontal components are handled independently, with horizontal
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components for a station only being processed if the station has 3-component data.

7.3.2 Array processing

To determine the P, pmP, pP, sP, S and sS phases, for refining the event locations and

calculating Moho depth (see Sections and and Chapters @, array processing

is used to boost the phase signal-to-noise ratios for automatic picking.

7.3.2.1 Creating ad-hoc arrays

Each event has their processed Z component seismic data grouped into ad-hoc arrays (see
Section using a combination of DBSCAN clustering and Ball-Tree nearest neighbour
algorithms (Pedregosa et al.,[2011)). The DBSCAN algorithm searches for sufficiently dense
station distributions to form arrays with at least 10 stations within a 2.5° aperture, and
identifies a central core station per array. The nearest neighbour algorithm selects the
stations within each core station’s aperture to generate ad-hoc arrays. For the example
event, which occurred on 25th July 2016 in Chile, there are 1789 stations with processed Z
component data, which are clustered into 88 ad-hoc arrays containing 1229 of the available
stations (Figure . Therefore, there are 560 stations with Z component data which were
not incorporated into an ad-hoc array — these stations are located too sparsely to generate

an array which fits the density parameters.

The Z component seismic data, for targeting P coda arrivals, are now arranged into ad-hoc
arrays. However, for targeting S coda arrivals (S coda processing is optional throughout
this workflow), the available 3-component stations are assembled into the same ad-hoc
arrays. Typically there are less stations available with all 3 components, which 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 generated 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%). For the example event from the 25th July
2016, 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 significantly simplifies the approach.
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Figure 7.2: Example of the ad-hoc array creation process for a my 6.0 event 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; Ekstrom et al., 2012).
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7.3.2.2 Determining best fit backazimuth and slowness

After the ad-hoc arrays have been established, the approach can take advantage of ar-
ray processing, as previously discussed in Chapters [2] and [3] to boost the signal-to-noise
ratios of the small amplitude depth phases (pmP, pP, sP and sS). For both the Z and
3-component versions of each ad-hoc array, the best fitting backazimuth and slowness for
the P and § waves are found directly from the station data by beampacking the arrivals.
The Z component ad-hoc array data are trimmed around the ak135 (Kennett et al., |1995)
modelled P arrival, and beamformed with a range of test slownesses (£0.04 s/km in in-
tervals of 0.001 s/km) and backazimuths (£15° in 1° intervals) centred on the expected
values calculated using ray tracing (Crotwell et al. 1999). The backazimuth and slowness
which construct the largest amplitude beam are selected as the best fitting beamforming

values.

For a 3-component ad-hoc array, the best fitting backzimuth found from the Z component
data is used to rotate the horizontal components into radial and transverse orientations.
If the Z component ad-hoc array fails to provide a beampack determined backazimuth, the
ray path calculated backzimuth is used instead. Given that the approach 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 approach
applied to the Z component data, however this time the T component data is trimmed to
include the ak135 (Kennett et al., [1995) modelled S arrival, and the test ranges straddle

the expected S wave slowness and backazimuth.

Figure 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 (¢ and f), for the same ad-hoc array. A comparison to the expected
values is additionally provided (hollow red circle on a and d), and the beams they would
construct (b and e). It is clear that using data derived beamforming parameters can
significantly improve the wavelet geometry and signal-to-noise ratio of the depth phases,

which improves the ability to automatically pick the phases.

7.3.2.3 Data quality control

At this point in the workflow, I apply two data quality tests to ensure that only ad-hoc

arrays with clear, coherent arrivals are considered for automatic picking (see Sections
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Figure 7.3: P and S wave amplitudes during beamforming in polar coordinates (backaz-
imuth and slowness) to determine the best-fit backazimuth and slowness parameters di-
rectly from the ad-hoc array traces (a and d). The open red circle shows the expected slow-
ness 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 resul-
tant phase-weighted beam in (c and f), showing the importance of measured backazimuth
and slowness values. Example from m; 6.0 event from 25th July 2016, ad-hoc array at
75.1° epicentral distance.
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E2A3 and f),

The first test compares each trace in the ad-hoc array to the resultant optimum beam
(created with the beampack determined slowness and backazimuth) using cross-correlation.
If a trace has a cross-correlation coefficient less than 0.3 or requires a timeshift greater
than 0.5 seconds to align the trace to the beam, then the trace is discarded. If the ad-
hoc array has less than 8 traces after this test, the ad-hoc array is removed from further
analysis. If the ad-hoc array has 8 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.

The second quality control test assesses the coherency of the arrivals in the ad-hoc array
data, by considering their slowness vespagram. The vespagram beams are constructed us-
ing the same test slowness range used during the beampacking routine, and the beampack-
determined backazimuth. On the resultant normalised vespagram, any peaks greater than
0.6 of the largest amplitude peak are selected, categorised into clusters using DBSCAN
(Ester et al.,1996]), and the cluster centres extracted. These cluster centres are expected to
represent the P or S coda arrivals for the Z and T component ad-hoc arrays, respectively,
and therefore, are expected to align along the beampack-determined slowness. If the clus-
ters are prominent at an unexpected slowness on the vespagram, that is an indication that
the ad-hoc array is too complex or poor quality to automatically pick. A set of criteria
involving the cluster centres are outlined in Chapter [2|to identify poor quality vespagrams
— if the mean slowness is within 0.006 s/km of the expected beampack-determined slow-
ness and the standard deviation of the cluster centres is <0.0105 s/km, then I accept the
ad-hoc array as passing the quality threshold. If these criteria are failed on either grounds,

the ad-hoc array is discarded.

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 sub-optimally 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% reduction in ad-hoc arrays with more than 10
stations), the T component ad-hoc arrays are more sensitive to being discarded by the

quality control tests.
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Figure 7.4: Example of the automatic picking threshold found for an ad-hoc array at an
epicentral distance of 75.1° from the mp 6.0 event on 25th July 2016. Distribution of
amplitude values for the ad-hoc array beam with respect to the percentile, the approxi-
mation of the beam with two lines, their intersection and the final threshold found for the

Z (a) and T (c) components (see Section [2.2.4.4] for more detail). Threshold relative to
the phase-weighted beam for the Z (b) and T (d) components.

7.3.2.4 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. The dynamic threshold for a
given ad-hoc array is determined from the distribution of amplitudes in the optimum
beam (see Section , by approximating the percentile (and thus, amplitude) after
which larger amplitudes represent significant signal (Figure . Peaks which exist 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.

These candidates are subsequently passed to a phase detection routine (see Sections
and to determine the most likely trio of peaks for P, pP and sP from the Z component
data, and the most likely pair of peaks for S and sS from the T component data, when
compared to the ak135 (Kennett et al., [1995) modelled arrivals. 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, Figure , however if multiple trios or pairs of phases
are appropriate for the phases, the largest combined amplitude sets are selected. Whilst

pmP is not currently picked as an integrated part of this routine, the P coda vespagrams

141



7.3. 3D earthquake relocation South American Subduction Zone

99T pop: 19,0 second 01 T 5 B33 second

pr-F: 19.0 seconds $5-3! .3 seconds

sP-P: 27.4 seconds (a) (C)
—~0.07 —~0.124
£ £
i~ e
~~ ~~
O &
u 0.05 - o 014
4 B $-1-iNn ¢
: " ' :
e o
n 0.03 U 0.08

A A A , 0.06 —A | A .

0.01 T T

i
Velocity (m/s)
o —
1

Velocity (m/s)
»—l- IS
i

{1 — Optimum Beam
Envelope

A A A A A A Modelled Arrivals
T T 1 T T T 1 .
681 701 721 741 1241 1261 1281 1301 o Picks
Time ( ) Time ( ) ® Final Picks
==== Threshold

Figure 7.5: Example Z and T component ad-hoc arrays located 75.1° from the event, their
automatic picks and differential times between phases for the my 6.0 event which occurred
on 25th July 2016 in Chile. (a) and (b) are the vespagram and optimum beam respectively
for the Z component ad-hoc array, whilst (¢) 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.

are used to detect pmP in a later portion of the workflow (see Section [7.4]).

Each ad-hoc array for a given event is analysed as described in this section (Section,
with each Z component ad-hoc array processed and analysed before the equivalent T
component data. Figure [7.6] illustrates the success rate for the 25th July 2016 event, by
showing which ad-hoc arrays produced phase picks for both the Z and T component data.
The Z component data generated 88 ad-hoc arrays, resulting in 73 picked ad-hoc arrays
(this could be P and either pP or sP, or all 3 phases). Whilst the T component data
provided 72 ad-hoc arrays, using the previously defined Z component ad-hoc arrays, and
57 of those provided picks (both S and sS). The T component workflow suffers from a
greater loss of data, due to the current requirement to construct the same ad-hoc arrays
used for the Z component data, and link their processing to the success of the equivalent
7, component ad-hoc array. In future, the T component workflow could be updated to

process data independently of the Z component data to avoid this issue, although this

would add to the processing time.

142



South American Subduction Zone

7.3. 3D earthquake relocation

120°'W 110°'W 100°'W 90°W 80°W

40°N _a'; Yo
¥
& e ¢
35°N Y ks A
° i /
30°N
25°N
1200W 10w 100°W 90°W 80°W 70
_____ )
g oo \
f |
———————— o
2 8
- &
2 o
2 1021 Stations in Arrays
73 Picked Arrays
P Coda Stations o 88 Original Arrays/Core Stations

(b)

30°N

25°N

45°N

35°N

30°N

25°N

S Coda Stations

120°W 110°W 100°W 90°W 80°W 70°W
% 7
< v
° 8° % ° }"o'w 45°N
g’ﬁ oy Yo ng
& o PR 8 N
s, 3 el
o v
EAC 2 % Fo -
(-] o 35°N
o
v °
30°N
25°N
120°W 110°W 100°W 920°'W 80w !
_____ B
g s\
§ 1
¢¢¢¢¢¢ o
£ e
2.
o 730 Stations in Arrays

57 Picked Arrays
88 Original Arrays/Core Stations

Figure 7.6: 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 my 6.0 25th July 2016 event. 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; Ekstrom et al., | 2012)

143



7.3. 3D earthquake relocation South American Subduction Zone

7.3.3 1ISCloc

For the SASZ, the ad-hoc array determined phases are combined with the ISC globally
reported phase catalogues per event, to then relocate the event in 3D with the combined

set of phases using ISCloc with a grid search-based inversion (Bondar & Storchakl 2011)).

Before this can happen, the amplitude-based ad-hoc array picks need to be converted to
absolute onset time. This is undertaken using the same approach as described in Chapter
[l For a given event, ISC reported direct P arrivals occurring within the ad-hoc array
aperture are slowness corrected to the reference beamforming location for the ad-hoc array,
and used to adjust the P coda amplitude picks. I purposefully limit this conversion to
2022 events and older, as the ISC will not have reviewed the phase catalogues and event
locations which have occurred in the last 2 years (see Figure . Therefore the relocated

catalogue will not include events from 2023 or 2024.

I 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 array aperture, with S coda arrivals rarely
being converted as a result. The example earthquake from the 25th July 2016 only had
28.7% of ad-hoc arrays with S coda picks fail to be converted. However, 92.5% of all
candidate T component ad-hoc arrays with picks fail to have a reported direct S wave
arrival, resulting in 80.0% of events with S coda picks without a single converted phase.
For comparison, only 25.0% of Z component ad-hoc arrays with picks fail to be converted

to absolute time, which translates to 22.2% of events.

After the conversion of the ad-hoc array determined phases to absolute onset times, they
are combined with the ISC reported phases to augment the phase catalogues per event.
ISCloc (Bondar & Storchakl 2011) is subsequently used to relocate the event in 3D using
the augmented phase catalogues, with associated hypocentral errors. This is repeated for

all events with converted ad-hoc array determined picks.

7.3.4 Results

Figure [7.7] shows the new intermediate-depth earthquake catalogue for the SASZ, deter-
mined with the augmented ISC phase catalogues and ISCloc, with an example cross section

to illustrate the differences between the earthquake locations with and without the ad-hoc
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array determined phases, and when the phase catalogues are only augmented with the P

coda picks.

1694 events have been augmented with 68,075 additional ad-hoc array derived phases,
which provide a 50.0% increase in total depth phases (27.0% become time-defining (loca-
tion defining)). As a result, there are 1046 events in the new SASZ intermediate-depth
earthquake catalogue with free location solutions which incorporate ad-hoc array derived
phases. Most events (784) fail to be relocated due to the need to convert the amplitude
picks to onset times using reported direct phases (see Figure , especially for 2023/2024
events which are not currently considered for conversion (255 events with picks) — an alter-
native method independent of reported direct arrivals is presented in Chapter|[5] to improve
this in the future. 82 events also have had their number of depth phases increased to more
than 5, which allows ISCloc to solve for depth when ad-hoc array determined phases are
incorporated. The addition of ad-hoc determined phases has decreased the mean depth
error by 0.47 km (see Appendix when compared to the reported ISC catalogue (re-
located using ISCloc and the reported ISC phases, without any additional phases), with
error reductions for 884 of the 1046 (84.5%) events.

The remaining cross sections are shown in Figures [7.8] and with cross sections L-L,
M-M’ and O-O’ illustrating previously identified slab features — the Pucallpa nest (L),
and the diverging seismic planes (M, O) as discussed in Section Cross section P-P’
shows more examples of slab features, such as a clear aseismic gap in the upper 90 km
of the plate between two planes of seismicity which further supports the presence of a
DSZ in Chile (see Section , an aseismic gap in all seismicity between approximately
380-420 km from the trench, sub-horizontally aligned hypocentres at ~190 km depth, and
hypocentres sparsely clustered above the seismogenic slab at approximately 380 km from
the trench (also observed on M-M’ at ~280 km, and N-N’ in Figure at ~310 km from
the trench). Finally Figure shows cross section Q-Q’, to highlight the seismicity in
the Pampean flat slab and how the seismogenic slab thickness can be decreased when the

ad-hoc array derived phases are incorporated into the earthquake relocation.

The cross sections also demonstrate the limited difference that including S and sS has
had upon the event relocations. This is largely due to the relatively small number of
S coda phases which were converted to absolute onset times, in order to use them with

ISCloc (Bondér & Storchak 2011)). Only 830 sS phases were added to the reported ISC
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Figure 7.7: 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. An example
cross section is shown in (b) to show the difference 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). Horizontal and depth error bars are plotted per event, 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.
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Figure 7.8: Example cross sections to show slab features, and the difference 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). Horizontal and depth error bars are plotted per
event, 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 locations visible in Figure

7

147



7.4. Moho depth determination South American Subduction Zone

phase catalogues, compared to 20,196 pP and 20,442 sP phases (see Appendix to
compare phase additions). However, 238 ad-hoc array derived sS phases became time-
defining for the ISCloc location solutions, this forms 52.7% of the total time-defining sS
phases and indicates that whilst the final sS phases numbers are currently small, they
are enhancing the reported ISC catalogue, although, the inclusion of S and s§ does not
currently translate to large depth error reductions. To demonstrate this quantitatively,
the augmented catalogue using both P and S coda arrivals, and the augmented catalogue
using only the P coda phases have the same mean depth error reduction relative to the
reported ISC catalogue (0.47 km), and the nearly the same mean residual (2.50 and 2.52
km, respectively) between the augmented and reported ISC earthquake depths when ad-
hoc array determined phases are incorporated (see Appendices and .

Finally, the cross sections corroborate previous findings in Sections [2.4.3] and |4.2.2 that

the global slab models are poorly fitting for the SASZ when considering the slab more
than 400 km from the trench. For the entire region, particularly northern Chile, the Slab2
(Hayes et al.l |2018) model needs to be deepened with respect to distance from the slab to

prevent apparently thick down-going slabs of up to 50 km (Figure .

7.4 Moho depth determination

This section describes how the results from the 3D earthquake relocation (section (7.3)) are
leveraged to identify pmP arrivals (near-source P wave Moho reflection, and a pre-cursor

to pP waves) and used to calculate Moho depth (see Chapter @

7.4.1 Inputs

The approach to detect pmP arrivals is the same as the method described in Chapter [6]
Only Z component ad-hoc arrays which had a pP arrival picked during the array processing
and analysis routine (Section [7.3.2)) are considered during the approach, since pmP is a P

coda arrival and several internal routines are dependent upon the pP arrival time.

Furthermore, by applying ISCloc (Bondar & Storchak), 2011), the algorithm inherently
removes poorly fitting picks, which eliminates the need for a cleaning routine (previously
used for 1D relocation in Section for the ad-hoc array determined arrivals. However,
for pmP detection, I use the direct outputs (vespagrams and picks) from the array pro-

cessing and analysis routine which will include poorly fitting, outlying picks. I therefore
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Figure 7.9: Example cross section to show slab features, and the difference 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). Horizontal and depth error bars are plotted per
event, 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 visible in Figure
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apply the linear regression based cleaning routine used in Chapter [2| to remove anomalous

pP picks, and hence ad-hoc arrays, from consideration.

An earthquake depth per input ad-hoc array is also required, to perform ray tracing
calculations. For the 3D relocation used in Section the amplitude picks identified
during the array processing routine are converted to absolute onset times using reported
P and S arrivals. This conversion relies on reported picks, which can cause good quality
ad-hoc array data (especially all data from earthquakes in the last 2 years), and thus
events, to be excluded from 3D relocation. For Moho depth determination using pmP
arrivals, it is less important to have an accurate earthquake depth since the calculation
uses the differential time between pP and pmP, and hence is independent of event depth.
Therefore, to collate a larger number of pmP picks, I use the 3D relocated earthquake

depth if available for an event, and if not, I use the original ISC determined event depth.

With the inputs of pmP detection established — cleaned Z component ad-hoc arrays with
pP picks and corresponding source earthquake depths, either from the ISCloc relocation

or the original ISC depth — the approach can begin.

7.4.2 pmP detection

Firstly for a given event, a first-pass crustal thickness is calculated for the epicentre using
the Crust1.0 model (Laske et al., 2013), and a simplified velocity model to represent the
1D structure at the epicentre is built — this is the ak135 model (Kennett et al., 1995)),
truncated at the first-pass crustal thickness, and replaced with a constant P wave velocity

of 5.9 km/s for the crust.

Each candidate ad-hoc array for the event is subsequently analysed for pmP arrivals, us-
ing a +2.5 second search window on the phase-weighted optimum beam (Figure .
The temporal placement of the search window is determined by calculating the modelled
differential arrival times for pmP and pP (using the simplified 1D velocity model), and
removing the differential time from the ad-hoc array identified pP pick. Any picks within
the search window with a prominence greater than 0.05 of the P wave arrival and demon-
strate a signal-to-noise ratio of greater than 8 are selected as pmP candidates. Here, there
could be either zero, one or multiple pick candidates — if there are zero, there is no pmP
pick for the ad-hoc array, if there is one pick it is selected as the pmP arrival, and if there

are multiple, the pick with the greatest signal-to-noise ratio is selected.
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Figure 7.10: Example ad-hoc arrays, with their vespagrams (top), phase-weighted opti-
mum beams (middle) and linear optimum beams (bottom) for a single event from 25th
July 2016. (a) Shows ad-hoc array 87.5° epicentral distance with relative amplitude of
0.32. (b) Shows ad-hoc array 69.5° epicentral distance with relative amplitude of 0.12. (c)
Shows ad-hoc array 66.5° epicentral distance with relative amplitude of 0.14. The bounce
points for the ad-hoc arrays exist from east to west for (a) to (¢). The red dashed lines
indicate the time series which the pmP search window can exist within.
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7.4.3 Conversion to crustal thickness

For each ad-hoc array with an associated pmP arrival, the differential time between pP
and pmP is calculated and converted to a crustal thickness using a simple forward model.
The test Moho depths range from +15 km around the first-pass crustal thickness depth
from Crust 1.0 (Laske et al., 2013]), and step in intervals of 200 m. If the test range extends
below the event depth, the test range is truncated to the event depth. Similarly, if the test
range extends above the surface of the earth, it is truncated to 0 km depth. For each test
Moho depth, a new 1D velocity model is generated to represent the test crustal thickness —
using ak135 (Kennett et al., [1995) with a uniform 5.9 km/s crustal P wave velocity — and
the modelled differential times for pP and pmP calculated. The test Moho depth with the
smallest residual to the observed differential time is selected and associated locationally

to the pmP bounce point coordinates.

The approach is repeated for each earthquake, and for every candidate Z component ad-
hoc array to generate a catalogue of pmP bounce point coordinates and their determined
crustal thickness/Moho depth. Following the method in Chapter @, I remove events with a
relative amplitude between the phase-weighted pmP and pP picked arrivals greater than
1.72. This removes accidentally picked complex P wave coda, which masks real pmP

arrivals.

7.4.4 Results

For the SASZ, 2965 pmP picks were found from 27,362 candidate ad-hoc arrays (provided
by 554 different earthquake events), to give a success rate of 10.8%. 285,213 ad-hoc arrays
were initially created from Z component data, giving a success rate of 1.04% from start to

end of the earthquake relocation and Moho depth determination approaches.

Figure illustrates the locations of the 554 source events for the picked pmP arrivals
(left), the Moho depth data points calculated using the pmP and pP arrivals (centre), and
the linearly interpolated Moho depth/crustal thickness map for the SASZ (right). On the
crustal thickness map, there is a clear spine of thickened crust which exists parallel to the
subduction trench between approximately latitudes 8°S to 12°S, and reaching a maximum
thickness of 80.8 km (which corroborates the crustal thicknesses previously found for Peru
and northern Chile in Section . The crustal thickness is poorly constrained inland,

due to the limited extent of intermediate-depth earthquakes, which inhibits measurements
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Figure 7.11: The 554 source earthquake events for the picked pmP arrivals, with Slab2
contours for the down-going Nazca Plate (Hayes et al. 2018)) (left). The pmP bounce
points and associated Moho depths calculated using the differential time between pmP
and pP arrivals, with the Moho depth linear interpolation underneath (centre). The
linearly interpolated Moho depth/crustal thickness map for the SASZ (right).

of the thickened crustal spine width. The observed spine fits well with the previously

identified Altiplano (high elevation plateau) in northern Chile (Zandt et al., [1994), and

the higher resolution map (than receiver functions, see Section [2.3) demonstrates the
second order thickness variation as the Altiplano grades to thinner crust. The regional
crustal thickness map could have positive implications for isostatic studies in the region,

and research into the structural and arc volcanism complexity which exists in the crust.

Similarly to Section I provide extra analysis of the pmP to pP relative amplitudes,
extracted from the un-phase-weighted optimum beam (Figure and normalised using
a modelled pmP /pP amplitude per pmP pick, to investigate the mechanical nature of the
Moho. In general, small ratios may indicate a lack of sharp impedance contrast or greater
interface roughness at the Moho. For the relative amplitude data points which equal
approximately one, these represent locations where the observed ratio is as modelled, and
likely the only amplitude difference between the phases prior to normalisation is caused by

the reflection coefficients of the free surface and Moho. Finally, the large relative amplitude
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Figure 7.12: Locations of all 1693 possible source earthquakes for pmP analysis, using the
3D relocation if available or the original ISC location otherwise, alongside the locations
of Holocene volcanism (Global Volcanism Program| 2024)) with red triangles (left), the
pmP bounce points with a normalised pmP /pP relative amplitude less than or equal to 1
(centre), and more than 1 (right).

data points imply that the pmP waves are experiencing significantly less attenuation along
their ray path than the pP waves, and greater reflection at the Moho. This could be a
case where the crust is particularly attenuating for pP waves due to structural complexity,

whilst the pmP wave is reflecting off a sharp Moho impedance contrast.

Figure shows the locations of all of the possible source earthquakes for pmP analysis,
using the 3D relocation if available or the original ISC location if not, alongside the
locations of Holocene volcanism (left), the pmP bounce points with a normalised pmP /pP
relative amplitude less than or equal to 1 (centre), and more than 1 (right). Generally
there is a mixture of pmP /pP relative amplitudes within close proximities of one another,
indicating that Moho impedence varies on a local scale — likely influenced by arc volcanism,
fluids and other discrete chemical factors, as opposed to a thermal control which requires

a larger diffusive distance.

However, the Peruvian latitudes (0° to 16°S) of the SASZ appear to display a strong
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Figure 7.13: Normalised pmP /pP relative amplitudes plotted against the Slab2 depth at
the same location, for the Peruvian latitudes (0° to 16°S, a) and the remaining latitudes
(i.e. 12°N to 0° and 16°S to 45°S) on the SASZ (b). Vertical red dashed line indicates a
100 km slab contour, grey dotted line highlights a normalised relative amplitude of 1 (i.e.
expected values), the blue line is a rolling mean and the green line shows the mean sub-
and post- 100 km slab depth.
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trend — few pmP/pP relative amplitudes show values less than 1 near to the trench,
whilst abundant data points show pmP/pP relative amplitudes greater than 1. Inland,
approximately around the 100 km deep contour for the Slab2 model (Hayes et al., 2018)),
pmP /pP relative amplitudes less than 1 are more abundant, and the number of data
points with pmP /pP relative amplitudes greater than 1 decrease (also observed in Section
. This hypothesis is tested by plotting the normalised pmP /pP relative amplitudes
against the Slab2 depth at the geographical locations of the relative amplitude data points,
for the Peruvian latitudes (0° to 16°S, Figure [7.13a) and the remaining latitudes for the
SASZ (Figure ) These plots show that the Peruvian latitudes have a negatively
correlating trend between normalised pmP/pP relative amplitude and the slab depth,
which is more gradational (see the rolling mean) than the originally proposed discrete
change from relative amplitudes greater than 1 to less than one over the Slab2 100 km
deep contour (also tested in Chapter @ However, there appears to be a relationship
between the slab depth and the Moho mechanical strength, since the rolling mean of the
normalised relative amplitude ratios settles into a constant lower mean between a slab

depth of 100-120 km.

The gradational nature of the relative amplitude with respect to slab depth indicates a
first order control over a larger distance, potentially thermally related. The lack of larger
relative amplitudes towards the trench suggests higher pmP impedance at the Moho which
decreases towards a slab depth of 100-120 km (assuming pP is experiencing a similar crust
laterally). This could be caused by a colder, stagnant mantle wedge above the subducting
flat slab where it has a depth shallower than 100-120 km, potentially identifying the
location where the mantle begins to couple to the slab in Peru. Meanwhile, the same plot
for the remaining latitudes of the SASZ pmP catalogue illustrates a lack of trend related to
the slab depth. This could be related to the increased arc volcanism in these locations, or
crustal delamination (Yuan et al., [2002)), which may act to significantly overprint thermal
controls locally, or perhaps the thermal control does not exist away from the Peruvian flat

slab latitudes.

7.5 Conclusions

This chapter has demonstrated the application of both the 3D intermediate-depth earth-

quake relocation and Moho depth determination approaches, which rely upon ad-hoc array
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determined P, pmP, pP, sP, S and sS phases, to the South American Subduction Zone
(SASZ).

The resultant earthquake catalogue supports previously identified slab features, including
the Pucallpa nest, a double seismogenic zone in Chile, and apparently linear seismic planes.
The addition of ad-hoc array determined phases also decreases event depth errors for 80.8%
of SASZ events. However, the addition and influence of the S wave coda phases is limited
due to the sub-optimal organisation of 3-component seismic data into ad-hoc arrays, and
a lack of reported S wave phases to the ISC to allow their conversion to absolute onset

time.

The new regional Moho depth map for the SASZ corroborates the presence of the ~80 km
thick Altiplano in northern Chile, and illustrates to a higher resolution how the thickened
crust grades to the north and south. Investigation into the relative amplitudes between
pmP and pP at the pmP bounce points also reveals that whilst a first order thermal
control may exist for the Peruvian flat slab Moho, indicating a cold mantle wedge above
the slab when it is shallower than approximately 100 km, this trend does not persist
elsewhere in the SASZ. Possible reasons for this may be that either the thermal trend is
present elsewhere, yet is locally overprinted by the presence of arc volcanism and fluids,
or that the thermal trend does not extend beyond the Peruvian flat slab due to the slab

geometry controlling the location of cold mantle wedge.
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Chapter 8

Discussion and Conclusions

In this chapter, I will briefly provide overviews of the previous chapters in Section
consider how they combine into a cohesive synthesis in Section and discuss possible

future direction in Section before concluding the thesis.

8.1 Chapter overviews

8.1.1 Chapter : Automatic relocation of intermediate-depth earth-

quakes using adaptive teleseismic arrays

Chapter [2| introduced a new methodology to relocate intermediate-depth earthquakes,
particularly targeting subduction zones events occurring between 40-350 km deep, and my,
4.7-6.5. This approach takes advantage of the increasing availability of teleseismic stations
to construct adaptive ad-hoc arrays and apply array processing techniques to their data
in order to boost the signal-to-noise of the P, pP and sP arrivals. These arrivals are
consequently able to be detected, identified and selected automatically using a dynamic
threshold approach. The differential times between the depth phases (pP and sP) and
their direct P arrival are used in tandem with a 1D local velocity model to convert to a new
event depth, using a forward model. Jack-knifing is employed to determine suitable depth
errors per relocated earthquake event, taking into account the dependence of each ad-hoc
array result on a single contributing station trace. Relocations for events in northern
Chile provide positive verification of the methodology, when analysed with comparable
datasets (e.g. |Craig (2019)). The approach is additionally applied to the Peruvian flat

slab — a region without a cohesive previous intermediate-depth earthquake catalogue from
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teleseismic data.

I find that my relocated earthquakes for both northern Chile and Peru corroborate fea-
tures found by previous, local investigations, including the transitions of the slab from a
continuously dipping geometry, to a flat region bounded by two clear slab bends, and back
to a normal subduction configuration moving southward from northern Peru to northern
Chile (Cahill & Isacks, [1992)), the presence of the Pucallpa seismic nest (Wagner & Okal,
2019), and the observation that Peruvian seismicity intensifies in three broad latitude
zones (Hasegawa et al., [1978|). For Peru, the seismicity tends to exists on the bounding
bends of the flat slab, with a largely aseismic flat section between — I interpreted this as
supporting a flexural bending hypothesis for intermediate-depth earthquake nucleation,
likely enabled through dehydration embrittlement. I also note the poor fit between the
Slab2 model (Hayes et al., 2018) for the slab surface and the relocated hypocentres for

both Peru and northern Chile, which indicates the need for a regional update.
The key limitations of the approach, are:

e An assumed point source — events are relocated assuming a single slip patch, hence I

introduced an upper limit of my 6.5 for earthquakes to which I apply this technique.

e Use of a 1D velocity model — the approach uses a global 1D velocity model to convert

the differential times to depth, and ignores local 3D velocity variations.

e The inability to relocate shallow events — the depth phases are unlikely to separate

sufficiently from the direct arrival, depending on the event magnitude.

e Dependence upon the focal mechanism orientation — proximity of an ad-hoc array

to a nodal plane will reduce the likelihood of recording arrivals.

e Station density — ad-hoc arrays will not be created if ten stations are not located
within 2.5° of one another, leaving many less dense station installations outside the

analysis.

e Automation — higher quality thresholds are imposed to ensure only good quality
results influence the relocation, therefore some good quality results may be discarded

alongside those of poor quality.

e Maximum catalogue depth error — the approach will only accommodate a £40 km

depth relocation from the original depth. Events which are more than 40 km deeper
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or shallower than the original catalogue depth will not be relocated correctly. Events
with exactly 40 km difference from the original catalogue are removed, as they are

likely representing an artifact of this limit.

8.1.2 Chapter Automatically detecting S and sS on teleseismic data

In Chapter 3| I demonstrate how S and sS arrivals could also be detected and identified
using the approach from Chapter [2, with small modifications to target the longer period
waves on transverse component data. The modifications include downloading 3-component
seismic data, and rotating the horizontal components into radial and transverse, adjusting

the bandpass filter to lower frequencies, and adapting the phase identification routine.

The arrivals are picked for the same ad-hoc arrays as those created using the single compo-
nent, P coda approach seen in Chapter [2l This does mean that the success of the S coda
picks is reliant upon, and limited by, the success of the P coda ad-hoc arrays. However,
spatially linking together the P and S coda processing simplifies the phase results, and

their ability to be incorporated into an external relocation algorithm (as seen in Chapters

[] and [7)).

8.1.3 Chapter : Assessing the impact of automatically-derived depth

phases on global earthquake catalogues, and their relocation

For Chapter [4 I developed a method to integrate the amplitude picks for P, pP, and sP
(which also works for S and sS) into reported ISC phase catalogues, to be used in 3D event
relocations using ISCloc. For each ad-hoc array, the approach requires a reported direct
arrival within the array aperture, this is then slowness corrected to the geometric centre
of the ad-hoc array and used to convert the peak P, pP, and sP picks into absolute onset
times. Unfortunately, the dependence upon a reported phase in the global phase catalogues
limits the success of the phase conversions, particularly S and sS, and is something which
is addressed in Chapter For the current approach (summarised in Appendix ,

however, there is a high loss of data points during the conversion process (see Figure [8.1]).

After the ad-hoc array determined phases are added to those in the reported phase list
per earthquake event, I relocate the events using ISCloc (Bondar & Storchak, [2011) and
analyse the improvement that the new phases provide in terms of locational error reduc-
tion. It is clear from this work that the addition of depth resolving phases reduces depth

error in 99.9% of cases, with error reduction being particularly responsive to the addition
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of sP phases.

The newly relocated Peruvian and northern Chile catalogue also demonstrates the benefits
of 3D relocation, with the catalogue showing events which are now deeper than those
described in Chapter [2] due to the addition of bounce point corrections, and generally
more aligned along apparent slab features. One feature of the new catalogue I assessed
is whether there is the presence of a double seismogenic zone (DSZ) in northern Chile
— this is tested similarly to Brudzinski et al. (2007), using histograms of slab corrected
hypocentral depths. I find that whilst a DSZ is hinted at, there are not currently sufficient

data points to be confident on the basis of global seismic data alone.

8.1.4 Chapter Using PhaseNet to pick absolute travel times on tele-

seismic vespagram data

Chapter [5| was motivated by the need to convert relative time, amplitude picks for P,
pP, sP, § and sS from the approach outlined in Chapters [2] and [3]| into absolute time
for integration into existing global arrival catalogues (see Chapter . A methodology for
the conversion is discussed in Chapter [ however it results in a high failure rate due to
its dependence upon reported direct arrivals. Therefore, in this chapter I investigate if
a machine learning traveltime picker could successfully pick direct P arrivals on phase-
weighted beams generated from my ad-hoc array data, to be used for peak to onset pick

conversion.

I find that the pre-trained PhaseNet (W. Zhu & Beroza, [2019) machine learning model
picks direct P waves on teleseismic data accurately, despite its training on local/regional
seismic data from Californian earthquakes, although their associated probability is very
low. In addition to this, I test if PhaseNet can pick multiple beams from a single ad-hoc
array, generated under a horizontal slowness grid search, which can subsequently be used
to define a pick error. PhaseNet succeeds in picking the direct P arrival on the best-fitting
(optimum) beam, and a large proportion of the other test beams. I suggest that this
Chapter acts as a proof of concept, and demonstrates that a machine learning picker has
the potential to replace the current conversion of peak amplitude picks to absolute onset
picks in Chapter [ and perhaps the threshold based picking routine developed in Chapter
whilst providing associated picking errors. The low probability of the PhaseNet picks on
the teleseismic array data, despite clear arrivals, strongly indicates that the model needs

to be re-trained on appropriate teleseismic data to provide the greatest, highest confidence
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success in this application.

8.1.5 Chapter H Crustal thickness determination using pmP phases

identified from adaptive teleseismic array data

It is clear, from Chapters 2| and [3| that the foremost advantage of the developed approach
for identifying depth phases is its ability to significantly boost the signal-to-noise of small
amplitude arrivals. There are many other small amplitude, yet informative, phase arrivals
which it may also be beneficial to detect, identify and apply to research questions. I look
into leveraging the ad-hoc array P coda vespagrams for detecting pmP arrivals (near-

source Moho reflected P wave) in Chapter [6]

By using the Crust1.0 global crustal thickness model (Laske et al., 2013]), a 1D velocity
model with a constant velocity crust, and the already identified pP arrivals from Chapter
I establish a search window for pmP. If a pmP phase is detected in the search window,
its relative time to the picked pP arrival is used to forward model a best fitting crustal
thickness (or Moho depth). When applied to an entire earthquake catalogue, in this case
Peru and northern Chile, I automatically generate regional Moho depth maps and validate

them against receiver function studies.

Again, there is a high failure rate for detecting pmP arrivals, due to their low amplitudes
and likely overlap with the direct arrival. However each ad-hoc array with a pick provides
a unique Moho sample point, which increases the data points defining the Moho depth.
The resolution of each sample area is also smaller than those typically sampled by re-
ceiver functions, which may additionally provide greater insights into smaller order Moho

structure.

I also analysed the relative amplitudes of pmP to pP to understand the mechanical nature
of the Moho boundary, and find that pmP arrivals tend to display larger than expected
amplitudes relative to pP when sampling the Moho above the shallow (<100 km deep)
subducting slab, and this trend gradually reduces to showing Moho sample points with
larger than expected pP amplitudes relative to pmP with respect to distance from the
trench. I also observe significant overlaps to this trend, where higher and lower than
expected pmP /pP amplitude ratios exist within a kilometer of one another. The first order
trend may indicate the influence of a cold mantle wedge corner/nose, which increases the

impedance experienced at the Moho between the crust and mantle. At approximately 100
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km depth, the down-going slab may, therefore, be coupling viscously with the mantle wedge
to eliminate the cold nose and decrease Moho impedance. The second order variation may
demonstrate the interplay of arc volcanism, structurally complex crust and hydrated (and

thus dehydrating) subducting slab features with the first order control.

8.1.6 Chapter : South American Subduction Zone: a case study

To demonstrate the capabilities of the techniques developed throughout the thesis, I apply
all of the approaches discussed in Chapters and [0] to a continental scale dataset
— the South American Subduction Zone (SASZ) — to generate a new intermediate-depth
earthquake catalogue (relocated in 3D) and regional Moho depth map. The chapter details
how the different approaches interact with one another, and begins to draw together the
observations from the preceding Chapters which focussed on Peru and northern Chile.
Interpretation and discussion from this chapter are included in the synthesis, since the

SASZ dataset overlaps and integrates all of the previous chapters.

8.2 Synthesis

I have developed a final workflow (see Appendix to create ad-hoc arrays from globally
available teleseismic stations, apply array processing techniques to boost the signal-to-
noise of small amplitude depth phases and pick pmP, P, pP, sP, S and sS. The final
picks can either be relocated in 1D using the relative time to depth conversion routine
demonstrated in Chapter [2| or relocated in 3D using ISCloc (Bondar & Storchak, 2011)),

as seen in Chapters [4] and

The ad-hoc array processed data can be further leveraged to detect pmP arrivals au-
tomatically, which in turn can be used to constrain Moho depths when considered in
conjunction with pP arrivals and a 1D velocity model. The workflow has been applied to
the entirety of the South American Subduction Zone in Chapter [7| to generate a 3D relo-
cated intermediate-depth earthquake catalogue using P and S coda picks, with associated

location errors, and a Moho depth map for the region.

8.2.1 3D relocation improvements

The 3D relocation with ISCloc is a significant improvement upon the 1D, depth-only

relocation model used in Chapter [2] since it incorporates a bounce point correction — a
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vital step when working in a region with highly-variable topography, like the spatially
variable Andes — and combines the ad-hoc array determined picks with globally reported
phases catalogued by the ISC. The ad-hoc array determined phases augment the ISC
phase catalogues, and add a greater number of depth phases to constrain depth and the

associated depth error.

Chapter [4] demonstrated that the addition of these phases decreased event depth error in
99.9% of events, and enabled 30% more events to be solved freely for depth (this requires
more than 5 depth phases to exist in the phase catalogue). Notably, events which had few
initial depth phases in their ISC reported phase catalogues displayed the largest depth
error reductions after the addition of ad-hoc array determined depth phases — especially
the addition of sP (see Section . This shows that a proportional increase in a depth
phase is more impactful to the relocation than an event which already had a high number

of depth phases reported.

Error reductions from depth phase additions were also reflected in the 3D relocated SASZ
catalogue presented in Chapter where 84.5% events had their depth error reduced.
A thorough analysis into the significance of sS additions on depth error reduction was
not possible due to the limited numbers of phases which were converted to onset times,
however the ad-hoc arrays boosted the number of location defining sS phases by 50.0%.
Using a different approach (e.g. PhaseNet from Chapter [5|) to convert amplitude picks to

absolute onset times would help to incorporate more S coda data.

8.2.2 Limitations

The cohesive application of the approaches to the SASZ highlights areas where the work-
flow is currently limited. These include the incorporation of S and sS phases into the
methodology introduced in Chapter [2, which is currently sub-optimal due to the depen-
dence of the S coda/T component ad-hoc arrays upon the P coda/Z component ad-hoc
array assembly and quality. Furthermore, the necessary conversion of the peak amplitude
picks, found during the array processing routine, to phase onset times in order to combine
my phases with those output by the community (e.g. the reported ISC phases) is severely
limited. Currently, to adjust the picks, I need an ISC reported and reviewed (events older
than 2023) direct phase arrival per ad-hoc array with identified phases. This results in
high ad-hoc array failure rates (despite good quality data and picks). If none of the picked

ad-hoc arrays for an event have a reported phase to use for the conversions, then the event
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Figure 8.1: Plot showing the steps in the workflow where earthquakes fail to progress.
Green dashed lines highlight the number of events remaining at each stage. The stage
with the greatest event loss is the conversion of ad-hoc array determined picks to onset
times.

fails. Figure [8.1] illustrates the number of events in the workflow per step, and highlights
that the conversion of picks to onset times is the single largest point of event failure (27.3%
of events) in the entire methodology. Chapter [5|offers a solution which should be included
in future work (see Section , by applying PhaseNet to the individual ad-hoc arrays to
obtain direct arrivals, thus aiming to eliminate dependence upon reported direct arrivals

and their locations.

8.2.3 South American Subduction Zone interpretation

Despite limitations, a new 3D catalogue for the SASZ intermediate-depth earthquakes

with errors is presented in Section [7.3.4] and corroborates previously observed features for
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the region in Sections and

It is apparent that seismicity in the subducting slab tends to nucleate in regions aligned
with the location of bathymetric features in the down-going plate, such as fracture zones
and ridges (Bilek, 2010)). This is likely due to the increased fluid content of the slab where
these features exist, which encourages more dehydration reactions to occur and initiate
slab failure — with the exception of the dehydrated Nazca Ridge (Kumar et al., 2016;
Wagner et al., [2020)). Additionally, such features could lead to a predisposed weakness to
failure as a result of previous fractures existing in the slab. For example, the Mendana
fracture zone is thought to be the first order control on the Pucallpa seismic nest (Wagner

& Okall |2019), as seen in cross sections in Chapters and

For the Peruvian flat slab, seismicity nucleates at the bends into and out of the flat slab
portion, which exists at ~100-120 km depth for a distance of ~200 km, as observed on the
new catalogue cross sections in Figures and The stress concentrations focused
around regions of slab bending are likely required to overcome the strength of the slab,
and combined with the effects of ongoing dehydration embrittlement to produce seismicity
(Sandiford et al., 2019). The apparently aseismic flat slab portion between the bends
indicates that either dehydration reactions are limited in their occurrence, as the phases
are stable at the existing pressure-temperature conditions (Kumar et al., 2016]), or the
slab is not experiencing enough stress to overcome the slab strength despite dehydration

embrittlement.

The crustal thickness overlying the Peruvian and Chilean subduction zones (and the entire
SASZ) is clearly constrained to the north and south by Moho depth maps developed in
Chapters |§| and m using pmP (see Figures and . The thickened crustal spine
of the Altiplano (a large plateau in Chile, up to approximately 80 km thick) is shown to
decrease in thickness into Peru and southern Chile. However, the Altiplano is not well
constrained to the east due to the limited number of intermediate-depth events inland to
act as passive sources. It is proposed by Ma and Clayton (2015) that the Moho geometry
is reflected in the Peruvian flat slab geometry, due to hydrodynamic suction between the
slab and continental crust — a factor which reduces the mantle wedge above the flat slab

and decreases its connection to normal subduction mantle corner flow.

A relative amplitude analysis between pmP and pP in Sections [6.3.4] and [7.4.4] expands

upon the investigation into the nature of the Moho and mantle wedge, and indicates that
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Figure 8.2: Plots of the L-L’ (a) and P-P’ (b) cross sections from Figure with the
SASZ augmented catalogue earthquake locations (blue circles and error bars) and pmP
derived Moho depth (dashed black line) from Chapter Mantle wedge interpretations
are additionally illustrated. Slab2 is plotted as a solid black line, however this poorly fits
my event locations, therefore I have plotted an inferred slab top with a sparsely dashed
black line to demonstrate a more representative slab/wedge geometry.

the Peruvian flat slab has a high impendance Moho (high pmP/pP ratios) overlying the
subducting slab when it resides at depths less than 100-120 km deep (i.e. the slab from
the trench to the distal flat slab bend). The high impedance Moho transitions to a lower
impedance interface (low pmP /pP ratios) when the slab is at greater depths than 100-120
km (i.e. when the flat slab begins to normally subduct into the mantle). The gradual
transition with respect to distance from the trench/depth of the underlying subducting
slab implies a diffusive thermal control, such as the presence of cold /higher velocity mantle

wedge over the flat slab (assuming that pP is experiencing laterally similar crust, see Figure

8.20).
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Ma and Clayton| (2015]) observe a high velocity mantle wedge overlying the Peruvian flat
slab, using a receiver function study, which decreases to normal expected values as the flat
slab bends into the mantle and dehydrations reactions resume. Furthermore, [Stachnik et
al. (2004) interpret a viscous cold nose of mantle wedge at shallow subduction depths in
the volcanically inactive Alaskan subduction zone, and conclude that the mantle wedge
becomes cold and more viscous due to its exclusion from the mantle corner flow. These
findings corroborate the interpretations from the Moho depth maps and pmP/pP relative
amplitude studies (Sections and , which propose that cold, dry, seismically fast
mantle wedge overlies the Peruvian flat slab and that viscous coupling between the wedge
and slab occurs at approximately 100-120 km depth, where the slab re-enters the mantle.
The presence of a cold, dry mantle wedge above the Peruvian flat slab, as result of the
hydrodynamic suction and the absence of dehydration reactions, also explains the lack of

volcanism in Peru (Global Volcanism Program) 2024]).

To the south of the Peruvian flat slab, the slab transitions smoothly into a steeper sub-
duction angle without a discrete tear, supporting the observations of |Cahill and Isacks
(1992), and typically displays seismicity along its extent, within intermediate-depths. Re-
sults from the pmP/pP relative amplitude study at these latitudes are mixed, implying
that either the mantle wedge is only seismically fast above the Peruvian flat slab, or that
other factors with high lateral variability are overprinting the first order thermal trend
in Chile. Given the Chilean slab does not tend to display aseismic extents down-dip, de-
hydration reactions and embrittlement are likely occurring at all intermediate-depths to
hydrate the overlying mantle and locally reduce the mantle wedge seismic velocity (Cordell
et al., |2019)). Hydrated mantle will also enable the generation of partial melts for arc vol-
canism. Consequently, chemical effects related to partial melts from recent arc volcanism,

fluids, and/or dehydration reactions will result in spatially variable Moho impedance in
Chile (Figure [8.2).

Features such as apparent seismicity planes intersecting the slab and double seismogenic

zones can also be observed in Chile using the relocated catalogues (Figures4.10} 4.12] 4.11|

and , similarly to those observed by Nippress and Rietbrock| (2007) and |Fuenzalida.
et al. (2013)) at shallower depths. After investigation in Section m it is clear that
the relocated intermediate-depth earthquake catalogues generated in this thesis do not
have enough events to independently determine the authenticity of the observed features.

By comparing to a locally determined catalogue, such as the one assembled by [Sippl et

168



Chapter 8. Discussion and Conclusions 8.3. Future work

al. (2018]), an increased level of confidence for the observed features can be ascertained
— particularly for the presence of a double seismogenic zone in northern Chile (Section

1.2.9).

Histograms of slab plane-corrected event depths using both the 3D catalogue from Chapter
and a local microseismicity catalogue (Sippl et al., 2018) for northern Chile, following
Brudzinski et al.| (2007), indicate that a DSZ could exist in this portion of the slab as
observed by [Florez and Prieto| (2019) (Figure [4.13)). Cross sections (Figures and
seen along the length of the SASZ in Chapter demonstrate that the DSZ is limited in
extent (if present), and does not persist into Peru or southern Chile, where a single plane of
seismicity is observed. K. Wang| (2002) advocates that all DSZ are underdeveloped triple
seismogenic zones, where each seismogenic layer (top to bottom) is defined by down-
dip extension, compression and extension, with the upper two layers existing in close
proximity (Igarashi et al., 2001)). For northern Chile, an investigation into the event focal
mechanisms could determine if the prospective DSZ layers demonstrate diagnostic intra-
slab stresses, and corroborate the proposed influence of slab flexure, in the presence of
dehydration embrittlement, to control the occurrence of slab seismicity (Igarashi et al.,
2001; K. Wang et al., 1997} |[Sandiford et al.,[2020)). Further refinement of the relative event
depths using a double difference approach, generating an improved slab plane for the slab
depth correction, and incorporating focal mechanisms would provide better insight into

slab features using teleseismic data.

8.3 Future work

There are a number of options to continue the progress of the research presented in this

thesis, including methodology improvements, methodology additions and new applications.

8.3.1 Methodology improvements

A couple of further advancements to the approach would greatly expand the success of the
earthquake relocation outcomes. Firstly, instead of linking together the fate of the P and
S coda array processing routines, these steps should be separated. This could allow a new
set of ad-hoc arrays to be created using only 3-component stations, and thus, maximise
the 3-component station distribution available per event. The likelihood of § wave coda

ad-hoc arrays having enough high quality traces to succeed the cross-correlation quality
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criterion will consequently increase, and more S and sS phase arrivals will be output to

guide the relocations.

The second improvement is updating the phase picking and/or the amplitude to onset
conversion routines to machine learning, which has already been discussed in Chapter
and Section If a new PhaseNet (W. Zhu & Beroza, 2019) model could be trained on
teleseismic, array processed data to pick direct phase onsets then the conversion routine
in Chapter [4] could be updated to reduce dependence upon the accuracy, consistency and
location of reported direct phases. Or, if the model could be trained to pick the direct and
depth phases on teleseismic array processed data, the threshold picking and identification
routines outlined in Chapter [2] could be replaced and an onset conversion would no longer
be necessary to integrate the results into a reported phase catalogue for relocation. This
would require a large number of picks to be extracted from my ad-hoc array optimum

beams, and manually checked to assemble a training dataset.

Miunchmeyer et al| (2024)) have trained a PhaseNet model to pick the pP and sP depth
phases for earthquake relocation using 3-component single station data, yet the arrival
probability curves remain considerably worse than P and S pickers, the array processing
element of the workflow presented in this thesis could vastly enhance the success of machine

learning pickers for depth phases (including s95).

8.3.2 Methodology extensions

My approach might offer further opportunity to interpret the down-going slab features.
For example, it would be possible to relocate the final absolute earthquake catalogue
(from ISCloc) to a relative location catalogue using a double difference algorithm. The
refinement of the hypocentre locations relative to one another encourages the recognition
of geometric features highlighted by the events, and could be of future interest for those
wishing to build upon the work presented in this thesis. Future work along this line could
also include defining a new regional slab top which fits the relocated 3D catalogue well,
and reassessing the validity of ubiquitous double seismogenic zones using the updated slab

tops.

A second extension to the presented approach could be a routine to determine focal mech-
anisms using the relative amplitudes between pP or sP and P (Pearcel |1977; [Pearce &

Rogers, 1989). Given that the intermediate-depth earthquake catalogues assembled during
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this thesis are including my, 4.7 events and GCMT focal mechanism solutions are limited
to events with magnitudes greater than 5.0 (5.5 for rapid solutions), it would be good to

provide the missing focal mechanisms for the smaller magnitude earthquakes.

The amplitudes of the depth phases and the direct arrival can be easily extracted from the
current P wave coda ad-hoc array results, and a relative amplitude calculated — similarly
to the work in Chapter |§| looking into the relative amplitudes of pmP/pP. It is then a
case of running a forward model where the strike, dip and rake of a fault plane is varied
between the possible ranges, the expected amplitudes of the radiating arrivals is calculated
for a specific ad-hoc array location, and the observed and modelled relative amplitudes are
compared. The fault plane parameters which provide the smallest cumulative residual or
misfit between the observed and modelled relative amplitudes for all of the ad-hoc arrays
for a given event would then be selected as the best fitting fault plane. From the best
fitting fault plane, a focal mechanism can be defined for the event. This idea was briefly
pursued during the course of the Ph.D, however, inconsistencies with the attenuation and
energy partitioning corrections on the modelled arrival amplitudes limited its success in

the time available.

8.3.3 New applications

Finally, there are new applications for the workflow presented in this thesis which could
generate some exciting results. The relocated 3D catalogues could be correlated with
thermal and/or slab bending models for the Nazca subduction zones to begin analysing
the relationships between seismicity and the proposed nucleation mechanisms in Section

1.5.2)

However, most of all, the developed workflow could be applied to other subduction zones,
where small to moderate magnitude earthquakes have previously been poorly relocated in
depth and would significantly benefit from the increased depth resolution that depth phases
provide, particularly if the there is a lack of local seismic stations (due to challenging,
remote, or inaccessible terrain, or limited funding for a deployment). Furthermore, despite
the approach targeting subduction zone intermediate-depth earthquakes, it can be very
successful on intermediate-depth events in other tectonic settings — even on shallower,
short source-time function events. For example I have previously used the approach to

relocate a 31 km deep continental event in Algeria (Wimpenny et al., [2023).
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Some adaptions may be required to download teleseismic data for alternative regions,
especially if large influential station networks are missing from the FDSN framework (such
as those based in Japan). It is important to bear in mind that sufficiently dense station
data is required within telesesismic distances for the approach to work well, this should

be considered before applying the approach to new regions.

8.4 Conclusions

This thesis demonstrates a new ad-hoc array-based approach to automatically identify and
detect depth phases (pP, sP, sS and pmP) on teleseismic data, sourced from m; 4.7-6.5
intermediate-depth earthquakes, and use them to determine accurate 3D event locations
(with ISCloc (Bondar & Storchak, [2011))) and Moho depths. The application of depth
phases for event relocation reduces the event origin time-depth trade-off, and enables
crustal thickness calculations, without the need for near-to-source receivers. This offers
an inexpensive alternative to investigate regions with remote and challenging terrain, and
without a costly field campaign. By maximising the available teleseismic data per event
and applying array processing techniques, the signal-to-noise ratio of low amplitude depth
phases is improved to enable automatic picking. Therefore the approach also removes the
need for intensive manual or semi-automatic processing, and computationally expensive
analysis. Furthermore, I have demonstrated that the automated and adaptable method-
ology presented is scalable from regional to continental sized areas, without significant
limits, using Peru, northern Chile and the South American Subduction Zone (SASZ) as

case studies.

To relocate events in 3D using ISCloc (Bondar & Storchak, [2011), the ad-hoc array-
determined phases (pP, sP and sS), alongside their direct arrivals (P and S), are inte-
grated into existing global phase catalogues. This augments the global phase catalogue
with depth constraining phases, which have been shown to reduce depth error in 99.9%
of events in Peru and northern Chile with P coda ad-hoc array determined picks, and
84.5% events across the entire SASZ with P and S coda ad-hoc array determined picks.
The final, new event catalogue (containing 1046 earthquakes, based upon 68,075 depth
phase detections) and Moho depth map (using 2965 pmP detections) for the entirety of
the SASZ, are believed to be the first continental-sized catalogues to use global phase

catalogues augmented with both P and S coda array-determined picks, and pmP arrivals,
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respectively.

Both high resolution results (the new earthquake catalogue and new Moho depth map)
highlight a number of features for the SASZ. Notably across the entire SASZ, it is clear
that the current Slab2 model (Hayes et al., |2018) poorly fits the newly-determined event
locations, and is typically significantly shallower with respect to distance from the trench,
relative to the event depths — a new slab top for the SASZ should be defined using the

event catalogue in the future, to ensure analysis is not biased by a shallow slab top model.

For Peru, the seismicity congregates around the bends in the flat slab, inferring that slab
flexure in combination with dehydration reactions is nucleating events. The lack of events
within the aseismic flat section of the slab also indicates that dehydration reactions are
minimal, likely due to unchanging pressure-temperature conditions, which results in a dry
overlying mantle wedge. A pmP to pP amplitude analysis corroborates this finding, and
also demonstrates a first order trend for the Peruvian flat slab, which suggests cold, seismi-
cally fast mantle wedge exists above the flat slab and transitions into warmer, seismically
slower mantle at the distal slab bend. This is likely due to isolation of the mantle wedge
above the flat slab from the mantle corner flow, and implies that viscous coupling between

the mantle wedge and the down-going slab initiates at the distal bend.

Moving southwards, the new catalogue indicates a smooth transition from the Peruvian
flat slab into a classical subduction zone geometry in northern Chile. Here a number of
features are highlighted by the catalogue, including intersecting planes of seismicity and,
potentially, a double seismogenic zone. With the global catalogue alone, the authenticity
of these features is difficult to establish — by applying a double difference algorithm and
calculating focal mechanisms for the events in the future, confidence in the features using
a global catalogue could be increased. The pmP determined Moho in northern Chile
corroborates the presence of a thick crustal plateau (the Altiplano) with a maximum
thickness of approximately 80 km. The new Moho depth map shows that the Altiplano
exists parallel to the subduction trench, and decreases in thickness to the north and
south. The pmP bounce points used to establish Moho depth sample the Moho at a
higher resolution than equivalent receiver function studies, therefore the resultant map

provides new insight into Moho roughness and local variation.

In summary, the techniques presented enable the collation of regional to continental-scale,

high resolution intermediate-depth earthquake catalogues and Moho depth maps, through
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the automatic detection and application of ad-hoc array-determined depth phases (pmP,
pP, sP, sS). This approach has led to new observations, analyses, and interpretations
of the SASZ, and paves the way to significantly enhance our understanding of the links

between seismicity and subduction dynamics.
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Data Availability

All seismic data used in this study are openly available from:

BGR at http://eida.bgr.de, ETH at http://eida.ethz.ch
GEONET at http://service.geonet.org.nz

GFZ at http://geofon.gfz-potsdam.de

ICGC at http://ws.icgc.cat

INGV at http://webservices.ingv.it

IPGP at http://ws.ipgp.fr

IRIS at http://service.iris.edu

KNMI at http://rdsa.knmi.nl

LMU at http://erde.geophysik.uni-muenchen.de
NIEP at http://eida-sc3.infp.ro

NOA at http://eida.gein.noa.gr

ORFEUS at http://www.orfeus-eu.org

RESIF at http://ws.resif.fr

SCEDC at http://service.scedc.caltech.edu
TEXNET at http://rtserve.beg.utexas.edu
UIB-NORSAR at http://eida.geo.uib.no

USP at http://sismo.iag.usp.br.

Code and catalogues are available on request from the author.
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Figure A.1: Plot showing the mean number of phases (P, pP or sP) found per moment
magnitude whilst applying five different bandpass filters for three seismic data types —
displacement, acceleration and velocity.
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Figure A.2: Plot showing the mean number of phases (P, pP or sP) found per depth whilst
applying a 1-10 s bandpass filter for three seismic data types — displacement, velocity and
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Figure A.3: Plots showing the difference between the plane and curved wavefront time-
shifts required to beamform a theoretical station for P, pP and sP arrivals using the ak135
velocity model (Kennett et al., [1995). The theoretical station is 278 km away from the
beamforming coordinates at approximately 045° bearing. A range of source depths from
40-360 km are tested using a backazimuth of 180°. All 3 phases are calculated to have less
than 0.2 s difference between the plane and curved wavefront time-shifts which significantly
decreases with epicentral distance. Results shown are calculated using software from Ward
et al.| (2023).
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Figure A.4: Comparison grid of P arrival phase-weighted beams (power of 4) demonstrat-
ing the variation in the amplitude, and thus coherency, as the backazimuth and slowness
values grade from those found by the geodetic calculations (red box) to those found by
beampacking (green box). € represents backazimuth and u represents slowness. Example

A

6:152.0, u: 0.062

6:152.0, u: 0.061

6:152.0, u: 0.06

6:152.0, u: 0.059

6:152.5, u: 0.062

6:152.5, u: 0.061

6:152.5, u: 0.06

6:152.5, u: 0.059

6:153.0, u: 0.062

6:153.0, u: 0.061

6:153.0, u: 0.06

6:153.0, u: 0.059

T T T
6:153.5, u: 0.062

T T T
6:153.5, u: 0.061

T T T
6:153.5, u: 0.06

T T T
6:153.5, u: 0.059

T T T
6:154.0, u: 0.062

T T T
6:154.0, u: 0.061

T T T
6:154.0, u: 0.06

T T T
6:154.0, u: 0.059

T T T
6:154.5, u: 0.062

T T T
6: 154.5, u: 0.061

T T T
6:154.5, u: 0.06

T T T
6:154.5, u: 0.059

Slowness (s/km)

Time (s)

is from an ad-hoc array located 57.9° from the 23rd May 2010, my 6.2 earthquake.
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Figure A.5: Cross-correlation results for ad-hoc arrays located at (a) 83.2° and (b) 83.1°
epicentral distances from the 23rd May 2010, m;, 6.2 earthquake. (a) demonstrates an array

where no traces fail the cross-correlation quality

control parameters, whilst (b) shows an

ad-hoc array where the example trace fails to meet the specifications and is removed. The
updated beam subsequently reflects an increased P arrival amplitude.
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Figure A.6: Mean percentage of arrays removed by the two data quality assessments —
cross-correlation and vespagram based — per magnitude (my) of earthquake in the Peruvian
event catalogue defined in Section The grey dashed line indicates where 50% of

arrays are removed by the quality assessments,

and the grey dotted line highlights the

onset of the negative correlation between magnitude and percentage of arrays removed,

occurring at approx. my 4.7.
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Figure A.7: Plot illustrating the maximum differential times between the given phases for
a 40 km deep source, assuming a depth error of 40 km. This is to determine reasonable
fixed time/error margins during the phase identification routine for shallow earthquakes.
Deeper earthquakes use a 25% error margin during the phase identification routine.
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Figure A.8: Example ad-hoc arrays from northern Chile for 2 events with differing re-
located depths to those found by Craig (2019). A Mw 6.4 event from 15th September

1999 with a hypocentre found to be 16.1 km deeper than (2019) — vespagram (a)
and optimum beam (b) for an ad-hoc array at an epicentral distance of 71.9°, and pP-P

differential time plot (c).

A Mw 5.3 event from 24th May 2001 with a 12.5 km deeper

depth found by this study — vespagram (a) and optimum beam (b) for an ad-hoc array at
an epicentral distance of 70.5°, and pP-P differential time plot (c).
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Figure A.9: Northern Chile catalogue with error bars determined though jack-knifing the
ad-hoc arrays. The figure shows events with magnitudes between my 4.7-6.5, and have
final relocated depths between 40-350 km with errors of less than 20 km. (a) Map of
northern Chile, with the relocated hypocentres, example cross section locations and Slab2
contours plotted (Hayes et al., 2018)). (b) and (c) Show example cross sections with our
relocated hypocentral depths in colour with their error bars, the original ISC hypocentres
which we relocated are in dark grey and ISC hypocentres which were not relocated by our
approach in pale grey. All plotted hypocentres are scaled in size by magnitude
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Figure A.10: Histogram showing the difference in depths between the initial ISC event
catalogue and the final Peruvian catalogue determined during Chapter
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Figure A.11: Plot illustrating the maximum differential times between the given phases
for a 40 km deep source, assuming a depth error of 40 km. This is to determine reasonable
fixed time/error margins during the phase identification routine for shallow earthquakes.
Deeper earthquakes use a 25% error margin during the phase identification routine.
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A.4 Chapter Hz Crustal thickness determination using pmP

phases identified from adaptive teleseismic array datal
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Figure A.12: Tests using the ak135 1D velocity model (Kennett et al., [1995) to determine
the average crustal thickness a 2.5 second search window allows, whilst varying event
depth and initial crustal thickness. We find that a +2.5 second window gives approximately
+8 km crustal thickness variation.
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Figure A.13: Schematic demonstrating how to quickly calculate a Fresnel zone for a pmP
bounce point at the Moho, assuming a ray path with a vertical take-off angle and a
dominant wavelength ().
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Figure A.14: Map of pmP bounce points for the ad-hoc array data shown in Figure
coloured by the linear optimum beam relative amplitude values for pmP and P. This
demonstrates the spatial variability of the values within 1 km distance.
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A.5 Chapter |7 |South American Subduction Zone: a case

study
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Figure A.15: Summary workflow.

208



Chapter A. Supplementary Material per Chapter

A.5. Chapter Iﬂ

Repeat per Event

. 1D Relocation

|
A 4

Import Processed Data

v
Select Stations with ]

1 Component (Z) Data

. Select Stations with
' 3-Component Data

.......... R

Create 2.5° Ad-hoc Arrays
with >10 Stations W

SR 2

Re-create Ad-hoc Arrays
with 3-Component Stations |

.......... e

Analyse Each Ad-hoc Array
(Z) for Phase Arrivals

P——

-~

[}
]
]
[]
]

To determine (per array):
+ P, pP and/or sP %

¥
( Beampack to Find
Backazimuth &
Slowness
y

s
&

Cross-Correlation
Quality Check

Y

Create Vespagram

Y

Assess Vespagram
Quality

(repeat if traces removed)
Yy

N

Automatically Pick

Direct and Depth Phases

. J
(3

( N\

Phase Identification

E Rotate & Analyse Each ‘: - 1 N
' Ad-hoc Array > Calculate Differential

i (T)for Phase Arrivals 1 Times Between Phases
L} ' \ /
' To determine (per array): Ly

+8andsS %

Save Ad-hoc Arrays
with Picks

3D Relocation

" Skip If

— Skip If
) Vespagram Fails

Repeat per Event

<8 Traces

‘( Scrape Reported PhasesJ

A

Clean Outputs using
Linear Regression

v

( )
Forward Model

Differential Times into Depth)
|\

e N
Calculate Statistics

g *)

N

! END

for Event from ISC
Time per Ad-hoc Array *7]:

Find Absolute S Onset

[ Find Absolute P Onset

Time per Ad-hoc Array *3':"

.--.----.----.; .............
4 )
Correct Observed Phase

[

-
Extract Reported
L Direct Phases in Array

!

s
Slowness Correct Direct
Phases to Array Centre

v

Loop per Ad-hoc Array

Calculate Median
Direct Phase Onset Time
\_

Y

Peaks to Absolute Time

12

Append Ad-hoc Array
¥Phases to ISC Phase List)

Y

Generate Station List for
New Phase List

v

Relocate Event in 3D

~

Skip If
No Phases

Using ISCloc *j

\.
" END

Figure A.16: Summary workflow (continued).
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* Steps where the workflow may fail, and why:
1 - Noevents.
2 - No data available.
3 - No data without issues.
4 - Ad-hoc arrays can not be created with stations available.
5 - Ad-hoc arrays all fail quality control (QC) steps, have no picks, or failed for unique reason.
6 - Event will fail to be included in the catalogue if there are <2 defining data points.
7 - No ISC reported P arrivals within ad-hoc array aperture.
8 - ISCloc fails to relocate event.
9 - No outputs from P wave ad-hoc arrays.
10 - No pmP arrivals detected for any ad-hoc arrays for event.

* Steps where the workflow may fail for S wave data, and why:
1 - No stations with 3 component data available.
Relocate event using P wave data.
2 - S wave ad-hoc arrays all fail QC steps, have no picks, or failed for unique reason.
P wave results will continue.
3 - No ISC reported S arrivals within ad-hoc array aperture.
Event will be relocated using only P wave results.

Figure A.17: Summary workflow (continued).
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Figure A.18: Comparison of depth and depth error between the reported ISC and aug-
mented ISC inputs (including P, pP, sP, S and sS) 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 A.19: Comparison of depth and depth error between the reported ISC and aug-
mented ISC inputs (including P, pP, sP, and excluding S coda picks) when applying
ISCloc. (a) and (b) show the depth and depth error change when additional ad-hoc ar-
ray 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 indi-
cating 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 A.20: Plots showing the number of input depth phases (a and d), time-defining
depth phases (b and e) and all time-defining phases (c and f) for the ISC reported catalogue
versus the augmented ISC catalogue. (a, b, ¢) show the results from the augmented
catalogue including P, pP, sP, S and sS, whilst (d, e, f) show the augmented catalogue
without ad-hoc array determined S coda picks. Red bands highlight events with less than
5 depth phases. It is apparent that the addition of ad-hoc array determined S coda picks is
minimal during 3D relocation with ISCloc (Bondar & Storchak|, 2011), due to their small
numbers.
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