Measuring and Modelling the
Earthquake Deformation Cycle
at Continental Dip-Slip Faults

Thomas Francis Ingleby

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

The University of Leeds

School of Earth and Environment

September 2018






Declaration i

The candidate confirms that the work submitted is his own, except where work
which has formed part of jointly authored publications has been included. The contri-
bution of the candidate and the other authors to this work has been explicitly indicated
below. The candidate confirms that appropriate credit has been given within the thesis

where reference has been made to the work of others.

The work in Chapter 2 of the thesis has appeared in publication as follows:
Ingleby, T., and T.J. Wright (2017), Omori-like decay of postseismic velocities follow-
ing continental earthquakes, Geophysical Research Letters, 44, 31193130,
d0i:10.1002/2017GL072865
The original motivation for the paper was suggested by T.J. Wright and refined by
both authors. I performed the data collection, data analysis and modelling and wrote
the manuscript. The manuscript was improved by input from T.J. Wright as well as

the comments of reviewers, R. Burgmann and S. Barbot.

The work in Chapter 3 is in revision for publication as follows:
Ingleby, T., T.J. Wright, A. Hooper, T.J. Craig and J.R. Elliott (2019), Constraints
on the geometry and frictional properties of the Main Himalayan Thrust using co-, post-
and interseismic deformation in Nepal, Journal of Geophysical Research: Solid Earth
The work originated from the suggestion of T.J. Wright and my co-supervisors, A.
Hooper and G. Houseman to study the postseismic deformation following the 2015
Gorkha earthquake in Nepal. The ideas in the paper evolved over time, through dis-
cussion between myself, T.J. Wright and A. Hooper with input from J.R Elliott. 1
processed InSAR and GNSS displacement data, developed the modelling software,
analysed the results and wrote the manuscript. T.J. Craig processed GNSS atmo-
spheric delay data, included in the supplementary material of the paper. All authors
improved the manuscript through suggested revisions. Editor Paul Tregoning, Asso-

ciate Editor Emma Hill and two anonymous reviewers have provided helpful comments.

The work in Chapter 4 is a draft manuscript, ready for submission:

Ingleby, T., T.J. Wright, J. Weiss, and V. Butterworth (2019), Fold and Thrust Belt
Growth from over 25 years of InSAR Data

Near the start of my PhD, I identified a number of potential targets for investigating
long lived postseismic deformation following dip-slip earthquakes. The Sibi fold and
thrust belt was one of these target areas and I wrote an undergraduate research project
proposal to determine whether InNSAR could detect any ongoing deformation. V. But-
terworth carried out this work for her undergraduate research project. She processed
Envisat data to form InSAR time series which revealed ongoing postseismic deforma-
tion. I then processed ERS and Sentinel-1 data and combined these with the Envisat

data to form the 25 year long InSAR time series and applied various corrections to


http://dx.doi.org/10.1002/2017GL072865

ii Declaration

reduce noise in the data. Discussions with T.J. Wright and J. Weiss helped to steer
the project and J. Weiss suggested the link to critical tapers.

This copy has been supplied on the understanding that it is copyright material and

that no quotation from the thesis may be published without proper acknowledgement

Copyright (© 2019 The University of Leeds and THOMAS FRANCIS IN-
GLEBY
The right of THOMAS FRANCIS INGLEBY to be identified as Author of this
work has been asserted by him in accordance with the Copyright, Designs and Patents
Act 1988.



Acknowledgements

The last four years have been a learning experience in a whole host of ways: largely
due to the variety of wise, knowledgeable people around me from whom I could learn.
With so many helpful people around me, I'm sorry if I miss anybody from these brief
thanks!

Firstly, a huge thanks to my supervisors: Tim Wright, Andy Hooper and Greg
Houseman. Greg, thank you for the valuable insights you provided near the start of
my PhD. Andy, thanks so much for all your technical knowledge which has meant
otherwise impossible concepts for me to get my head around became possible. Thanks
also for hosting walks/parties and for introducing me to Ferarri pizza ovens! Tim,
thank you for being my primary supervisor over the past four years. Thank you for
always being approachable and for being my first port of call for questions about pretty
much any aspect of my PhD! Thanks for knowing when to push me to keep trying at
something, and when to tell me to move on. Thank you also for teaching me how to
write scientifically and how to avoid using ‘however’ inappropriately or speak in the

passive voice...

A number of other academic and research staff have been really helpful throughout
my PhD. Thanks must go to David and Karsten for being the InSAR gurus when I
first arrived, and thank you David for teaching me how to use StAMPS and TRAIN.
Karsten, thanks for all your recent help and support as I finish PhD and get involved
with SatSense. I'm also thankful for Pablo teaching me how to use LICSAR and for his
ability to write well commented scripts which significantly helped my own script writing.
Thanks also to John E for his constant willingness to help and his useful comments on
work. Thank you Jonathan W for all your help with my work in Pakistan and your

friendly character.

There have also been larger scale structures and bodies which have been really help-
ful. 'm thankful to NERC for providing the funds for this PhD and to the University
of Leeds and IGT for hosting me. The academic environment here has been friendly,
approachable and stimulating. I’ve had the pleasure of co-supervising two undergrad-
uate research projects in my time here. Thank you Vanessa and Alex for being great
students and for the interesting results you produced. A huge thanks also to the sup-

port staff at Leeds, in particular to Richard Rigby, who was able to combine incredible

iii



iv Acknowledgements

ability with patience and friendliness! Thanks also to COMET for providing such a
helpful network of experienced researchers and peers to learn from.

My peers have been one of the most significant sources of help, encouragement and
laughter over the last few years. Thank you to all my PhD friends, both old and new.
Thank you Ekbal for your enthusiasm and happiness to help. Thank you Matt and
Jeanne for all the shared InSAR experience and the fun times at various FRINGE
and Living Planet conferences. The wider InSAR community in COMET has also
been great to be part of. Thank you Eleanor, Ryan, Camilla and Sam W for making
conferences not just interesting but fun too.

Office 8.152 has been a wonderful place to be. Thanks to everybody in the office for
secret Santas, Bobbie, baking and fun. The one o’clock lunch crowd deserve a special
mention for giving us all a space to forget about PhD for an hour in the middle of
the day. Thanks go to Ben, George, Gemma, Claire, Huw and Ruth A for being great
friends both at work and outside of it. Ruth A has been a fantastic friend to share
a PhD with. Thank you Ruth for sharing wisdom, knowledge, experience, tips, jokes,
food and fun over the last four years. Your thoughtfulness and friendliness has been a
great help, not to mention the amazing baking and the establishment of IGT bakeoft!

Thankfully, there is also life outside of academia. I'm so grateful for my church
family at Redeemer, for their support and encouragement throughout my PhD. In
particular, a massive thanks to everybody within my city group: for their interest in
my work and simultaneously their reminders that there are bigger, more important
things than a PhD and that ‘God is our refuge and strength’. Thank you Jonny and
Sarah for being amazing friends, wise leaders and fantastic examples. Thanks also to
the Postgraduate Christian Fellowship and Church Scientific groups for their help in
thinking about the interaction between faith and scholarship.

My family have been wonderful throughout my PhD. My parents have been sup-
portive of me throughout the ups and downs of life and have always sought to put my
needs before their own - thank you for such kindness. Thank you for the ways you have
encouraged me throughout the last four years and helped me to reach the end! Thanks
also to Sophie, Nick, Zoe, Liz, Paul and Andrew - you have all helped to keep me sane
and been so supportive of me and each other.

Finally, the one person who has made the last four years doable is my amazing
wife, Ruth. Thank you for all the ways in which you have encouraged me, provided for
me and served me. Thank you for everything you have said and done, for the ways in
which you have made your life harder in order to make my life easier. Thank you for
making us have fun when I'm tempted to work too much. This thesis is dedicated to

you.



Abstract

In order for an earthquake to become a natural disaster, it needs to be significantly
large, close to vulnerable populations or both. The largest earthquakes in the world
occur in subduction zones, where cool, shallowly dipping fault planes enable brittle
failure over a large area. However, these earthquakes often occur far away from major
cities, reducing their impact. Similar, low angle fault planes can be found in continental
fold and thrust belts, where sub-horizontal decollements offer large potential rupture
areas. These seismic sources are often much closer to major urban centres than off-
shore subduction zone sources. It is therefore essential to understand the processes

that control how strain is accommodated and released in such settings.

Much of our current understanding of the earthquake cycle comes from studying
strike-slip faults. Can our knowledge of strike-slip faults be transferred over to dip-slip
faults, and in particular, fold and thrust belts? Previous work has suggested that there
may be significant differences between strike-slip and dip-slip settings, and therefore
further study of the earthquake cycle in dip-slip environments is required. The recent
launch of Sentinel-1, and the extensive Synthetic Aperture Radar (SAR) archive of the
European Space Agency (ESA), offer an opportunity to obtain measurements of strain

in dip-slip environments that can contribute to our understanding.

In this thesis, I use geodetic measurements to contribute to our understanding of the
earthquake cycle. Enhanced surface deformation rates following earthquakes (so called
postseismic deformation) show temporal and spatial variation. Such variation can be
used to investigate the material properties of faults and the surrounding medium. I col-
late measurements of postseismic velocity following contintental earthquakes to examine
the temporal evolution of strain following an earthquake over multiple timescales. The
compilation show a simple relationship, with velocity inversely proportional to time
since the earthquake. This relationship holds for all fault types, with no significant
difference between dip-slip and strike-slip environments. Such lack of difference implies
that, at least in terms of the temporal evolution of near field postseismic deformation,

both environments behave similarly.
I compare these measurements with the predictions of various models that are

routinely used to explain postseismic deformation. I find that the results are best

explained using either rate-strengthening afterslip or power-law creep in a shear zone
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with high stress exponent. Such a relationship indicates that fault zone processes
dominate the near-field surface deformation field from hours after an earthquake to
decades later. This implies that using such measurements to determine the strength of
the bulk lithosphere should only be done with caution.

I then collate geodetic measurements from throughout the earthquake cycle in the
Nepal Himalaya to constrain the geometry and frictional properties of the fault sys-
tem. I use InSAR to measure postseismic deformation following the 2015 M, 7.8
Gorkha earthquake and combine this with Global Navigation Satellite System (GNSS)
displacements to infer the predominance of down-dip afterslip. I then combine these
measurements with coseismic and interseismic geodetic data to determine fault geome-
tries which are capable of simultaneously explaining all three data sets. Unfortunately,
the geodetic data alone cannot determine the most appropriate geometry. It is there-
fore necessary to combine such measurements with other relevant data, along with the
expertise to understand the uncertainties in each data set.

Such combined measurements ought to be understood using physically consistent
models. T developed a mechanically coupled coseismic-postseismic inversion, based on
rate and state friction. The model simultaneously inverts the coseismic and postseismic
surface deformation field to determine the range of frictional properties and coseismic
slip which can explain the data within uncertainties. I applied this model to the geodetic
data compilation in Nepal and obtained a range of values for the rate-and-state ‘a’
parameter between 0.8 — 1.6 x 1073, depending on the geometry used.

Whilst the Nepal Himalaya is well instrumented, many continental collision zones
suffer from a severe lack of data. The Sulaiman fold and thrust belt is one such region,
with very sparse GNSS data, but significant seismicity. I apply InSAR to part of the
Sulaiman fold and thrust belt near Sibi to examine the evolution of strain through-
out the seismic cycle. I tie together observations from ERS, Envisat and Sentinel-1
to produce a time series of displacements over 25 years long which covers an earth-
quake which occurred in 1997. Using this time series, I investigate the contributions of
different parts of the earthquake cycle to the development of topography. I find that
postseismic deformation plays a clear role in the construction of short wavelength folds,
and that the combination of coseismic and postseismic deformation can reproduce the
topography over a variety of lengthscales.

The shape of the frontal section of the fold and thrust belt, including the gradient
of the topography, is roughly reproduced in a single earthquake cycle. This suggests
that fold and thrust belts can maintain their taper in a single earthquake cycle, rather
than through earthquakes occurring at different points throughout the belt. I find that
approximately 1000 earthquakes like the 1997 event, along with associated postseismic
deformation, can reproduce the topography seen today to first order. Such a result
may aid our use of topography as a long-term record of earthquake cycle deformation.

I finish by drawing these various findings together and commenting on common
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themes. Afterslip plays an important role in the earthquake cycle, contributing to the
surface deformation field in multiple locations, over multiple timescales, and generating
topography. This afterslip can be explained using a rate-strengthening friction law
with ao between 0.2 and 1.54 MPa. Combining this rate dependence with the static
coeflicient of friction determined from other methods, such as critical taper analysis,
would enable a more complete picture of fault friction to be determined. Fault geometry
in fold and thrust belts may control the size of potential ruptures, with junctions and
changes in dip angle potentially arresting ruptures.

In order to fully determine the role of fault geometry and friction in controlling
the earthquake cycle in dip-slip settings, I suggest a more thorough exploitation of the
wealth of InSAR data which is now available. These data then need to be combined
with measurements from other fields, and models produced which are consistent within
the uncertainties of each data set. I suggest that measurements of topography and
insights from structural geology may help with understanding the long term and short
term processes governing earthquake patterns in an area. As both observations and
models are developed, interdisciplinary teams may be able to better constrain the key

controls on earthquake hazard in continental dip-slip settings.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Seismic Hazard

Earthquakes impact more people now than ever before, primarily due to population
growth and urbanisation (Bilham, 2004, Tucker, 2004, Jackson, 2006). Figure 1.1
summarises population density, megacity locations and geodetic strain rates, highlight-
ing the risk posed to people over the Alpine-Himalayan belt. Scientific research into
earthquakes can inform civil protection agencies of the risks they need to account for
(Giardini et al., 1999) and lead to a greater understanding of how our planet works
(Biirgmann and Dresen, 2008, Wright et al., 2013, Waits et al., 2013).

Destructive earthquakes occur on all types of fault (strike-slip, normal and thrust)
and in a variety of settings. Strike-slip faults are capable of hosting a variety of earth-
quake sizes, with the largest recorded event being the M,, 8.6 Indian Ocean earthquake,
which occurred on 11 April 2012 (McGuire and Beroza, 2012, Pollitz et al., 2012).
Despite the size of this event, the large distance between the event and the nearest
population centres resulted in relatively few casualties. Large strike-slip earthquakes
are also seen on the continents, with the 1905, M,, 8.4 Bolnay earthquake in Mongolia
representing one of the largest known continental earthquakes (Schlupp and Cisternas,
2007). These continental earthquakes pose a potentially larger hazard, due to the much
smaller distances between the seismic rupture and the nearest urban centres. Unfor-
tunately, these continental earthquakes do not need to be particularly large to cause
significant destruction, with some of the deadliest earthquakes in recent history being
much smaller than those discussed above. Normal faults rarely produce earthquakes
larger than M, 7.0 (Middleton et al., 2016). However, when large normal faulting
earthquakes strike, they can be deadly. The 1908 M,, 7.1 Messina earthquake in Italy
resulted in between 75,000 and 200,000 fatalities, making it the deadliest earthquake
in recorded European history.

The largest earthquakes in the world occur in areas of convergence where one tec-
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Figure 1.1: Maps of exposure to earthquake hazard across the Alpine-Himalayan belt. Re-
produced with permission from FElliott et al. (2016a). a) Population count on a half-degree
by half-degree grid for 2005. Megacities with populations over 2.5 million are marked by
black circles. Data are the UN-adjusted population count from the Center for International
Earth Science Information Network (CIESIN), Columbia University, United Nations Food
and Agriculture Programme (FAO) and Centro Internacional de Agricultura Tropical (CIAT)
(http://sedac.ciesin.columbia.edu/gpw). b) Locations of past earthquakes in the period
1900-2015 resulting in more than 1,000 fatalities are denoted by circles coloured by magnitude
and scaled in size by the number of fatalities (source: USGS, http://earthquake.usgs.gov/
earthquakes/world/world_deaths.php). c¢) Global Strain Rate Model (v2.1) showing the sec-
ond invariant of the strain rate tensor (Kreemer et al., 2014). Large cities are overlayed (green)
and scaled by population size.
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tonic plate is thrust beneath another in a subduction zone. Earthquake magnitudes
greater than M,, 9.0 are possible in these settings due to the large potential rupture
area allowed by the small angle at which these plates dip as they enter the Earths
mantle. The low dip angle means that more of the fault plane is in the cooler, brittle
regime which is capable of rupturing in earthquakes.

These low angle rupture planes are not only present in underwater subduction zones
but are also commonly associated with areas of plate convergence on the continents.
These regions are made up of belts of folded rocks and accompanying thrust faults, and
as such are known as fold and thrust belts. Low angle faults known as decollements
often underlie these fold and thrust belts and research has highlighted their potential
to host large earthquakes (Hubbard et al., 2015). The earthquake potential of these
large rupture planes poses a significant seismic hazard to communities in the vicinity of
these fold and thrust belts. The earthquake hazard is potentially higher than that from
subduction zones since urban centres can and do exist closer to the earthquake source
than is possible in subduction zone settings. Kathmandu in Nepal is one example of
a megacity (more than two million inhabitants) placed directly on top of one of these
fold and thrust belts. The fold and thrust belt was struck by a M,, 7.8 earthquake
in 2015, resulting in nearly 9000 fatalities and economic damage equivalent to approx-
imately 50% of Nepals GDP. Furthermore, larger earthquakes (M 8+) are known to
have occurred here in the past (Sapkota et al., 2013). Given the destructive nature of
earthquakes on all three fault types, it is essential to better understand the hazards

posed in different tectonic settings.

1.1.2 Fault Zone Characteristics

Strike-slip faults like the Denali fault (Oglesby, 2004, Pollitz, 2005, Freed et al., 2006,
Biggs et al., 2009) and the San Andreas fault (Barker, 1976, Langbein, 2006, Freed,
2007) are the source of some of the largest continental earthquakes and have war-
ranted significant study. Furthermore, modelling strike-slip faults is simpler due to
the symmetry of the system, near-vertical fault planes and smaller gravitational effects
(Savage, 1990, Hetland, 2005, Yamasaki et al., 2014, Caniven et al., 2015). Faults like
the North Anatolian Fault in Turkey have been observed and modelled in significant
detail. These major strike-slip faults accumulate interseismic strain slowly, over long
intervals between earthquakes, in a narrow region focussed around the fault (Wright
et al. (2013), Vernant (2015) and references therein). These features suggest a rheology
with high viscosity. However immediately following an earthquake, rapid postseismic
transients typically occur, which suggests a rheology with a low viscosity (Barbot et al.,
2008, Ergintav et al., 2009, Diao et al., 2010, Cetin et al., 2012).

These competing observations require earthquake deformation models with complex
single rheologies that have time-dependent (Ryder et al., 2007) or stress-depende<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>