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Sponsors
We would like to thank our sponsors ExxonMobil, Güralp Systems and RSK Group for their
generous support of our meeting
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We would also like to thank the British Geophysical Association (BGA) and the University of
Bristol for their support and guidance in organising this meeting.
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Schedule

Wednesday 28th August
19:00: Icebreaker Social. Minigolf at Jungle Rumble, Cabot Circus, Bristol, BS1 3BQ.

Thursday 29th August
9:00 - 9:30: Sign in, poster setup and coffee - G. 27, Wills Memorial Building (WMB).
9:30 - 9:40: Welcome Messages. G. 25, WMB.
9:40 - 12:00: Oral Presentations. G. 25, WMB.

• 9:40 - 10:40: Kathy Whaler - Adventures with Maxwell’s - and other - equations.

10:40 - 11:00: Coffee Break. G. 27, WMB.

• 11:00 - 11:15: Siobhan Killingbeck (Leeds) - Characterisation of subglacial water using a
constrained Bayesian TEM Inversion

• 11:15 - 11:30: Ben Fernando (Oxford) - Seismic wave propagation in fluid media: from the
oceans to the stars

• 11:30 - 11:45: Natalia Wójcicka (Imperial) - Seismic efficiency and scalar seismic moment
of metre-scale impacts on Mars

• 11:45 - 12:00: Maeve Murphy Quinlan (Leeds) - Pallasite meteorites: an interdisciplinary
approach to investigating their formation

12:00 - 13:00: Poster Session. G. 27, WMB.
13:00 - 14:00: Lunch, with posters. G. 27, WMB.
14:00 - 17:00: Oral Presentations. G. 25, WMB.

• 14:00 - 14:15: Joseph Asplet (Bristol) - Discrepant SKS-SKKS shear-wave splitting suggests
a post-perovskite province in D” beneath the Eastern Pacific

• 14:15 - 14:30: Zsófia Zalai (Imperial) - Are mantle plumes responsible for volcanic rifted
margins?

• 14:30 - 14:45: Auggie Marignier (UCL) - The probability of Plumes in Global Tomographic
Models
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• 14:45 - 15:00: Jade Eyles (UEA) - The role of accurate earthquake locations in the mapping
of a volcanic plumbing system

• 15:00 - 15:15: Daniel Possee (Southampton) - Imaging Seismic Discontinuities Beneath
the North American-Caribbean Plate Boundary

• 15:15 - 15:30: Emma Chambers (Southampton) - Imaging melt movements from the mantle
to the crust using a joint inversion of Rayleigh wave and ambient noise tomography

15:30 - 16:00: Coffee Break. G. 27, WMB.

• 16:00 - 16:15: Isabella Altoe (Imperial) - Lithospheric Thermo-Compositional Structure of
the Northeastern North American Shield

• 16:15 - 16:30: Yu Jiang (Liverpool) - Bayesian Geodetic Inversion of Wrapped Satellite
Interferometric Phase to Estimate Source Parameters

• 16:30 - 16:45: Itahisa González Álvarez (Leeds) - Lithospheric Scattering and Structure
from Teleseismic P Waveforms

• 16:45 - 17:00: Omry Volk (Cambridge) - Crustal Flow and Formation in Iceland from Radial
Anisotropy

18:00 - 19:30: Drinks Reception - Clifton Pavilion, Bristol Zoo Gardens, College Road, Bristol
BS8 3HH.
19:30: Conference Dinner - Clifton Pavilion.

Friday 30th August

10:00 - 12:30: Oral Presentations. G. 25, WMB.

• 10:00 - 10:30: Güralp Presentation - Ocean Bottom Systems: The Challenges of Developing
a Global Network

• 10:30 - 10:45: Andrew Watson (Leeds) - The coevolution of mountain building and seismic
hazard in regions of continental convergence

• 10:45 - 11:00: Samuel Clay (Southampton) - Optimisation of Source-Receiver Offsets for
Ultra-High Frequency Seismic Reflection Data
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11:00 - 11:30: Coffee Break. G. 27, WMB.

• 11:30 - 11:45: Duncan Stevens (Southampton) - Thermal modelling of the North Sumatra
Sedimentary input section

• 11:45 - 12:00: Robert Allen (Imperial) - High resolution seismic imaging of the Lesser
Antilles incoming plate, outer rise and accretionary prism: Implications for the hydration of
slow-spreading Atlantic lithosphere

• 12:00 - 12:15: Jack McGrath (Leeds) - The Relationship between Short-Term Active Tec-
tonics and Long-Term Mountain Building

• 12:15 - 12:30: Ben Roche (Southampton) - The world’s most expensive bubble

12:30 - 13:00: Poster Session. G. 27, WMB.
13:00 - 14:00: Lunch. G. 27, WMB.
14:00 - 15:45: Oral Presentations. G. 25, WMB.

• 14:00 - 15:00: Patrick Connolly - Why is seismic inversion so difficult?

• 15:00 - 15:15: Robert Churchill (Bristol) - The role of afterslip in driving aftershocks

• 15:15 - 15:30: Chris Ogden (Imperial) - A reappraisal of the H-k stacking technique:
Implications for Global Crustal Structure

15:30 - 16:00: Coffee Break. G. 27, WMB.
16:00 - 16:20: British Geophysical Association awards. G. 25, WMB.
16:20 - 16:25: Closing remarks. End of conference. G. 25, WMB.
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Poster Presentations

Conor Bacon New constraints on seismicity of the Mt. Kinabalu fault system
in Sabah- North Borneo

Bhargav Boddupalli Imaging the Deep Galicia margin using three-dimensional full
waveform inversion

Benedict Conway-Jones Seismic imaging of multiple ancient buried landscapes on the
fringes of the North Atlantic Ocean

Lauren Cox Understanding melt distribution beneath volcanoes: An exper-
imental approach

Almudena Sanchez De La Muela Evidence for magmatic-related induced seismicity along misori-
ented faults in the Southern Andes

Hannah Galbraith-Olive Radial Miscible Viscous Fingering Within Mantle Plumes
Sevda Goren Three dimensional radiation mapping using a novel UAV and

an inversion method
Matthew Head Spatiotemporal Volcano Deformation Patterns in a 3D

Temperature-Dependent Viscoelastic Regime
Megan Holdt Age and Significance of the Great Escarpments
Adam Klinger Insights into the spectra of earthquakes induced by hydraulic

-fracturing
Zhi Li High-frequency Sdiff Observation on Hawaii ULVZ
Harry Telajan Linang Seismic Structures and Tectonic Evolution of Borneo and

Sulawesi- Southeast Asia
Thomas Merry Seismic anisotropy in the eastern Mediterranean from shear-

wave splitting analysis
Thomas North Impacts as a Recording Mechanism for Solar Nebular Fields
Stephan Pugh Global receiver function observations of the X-discontinuity be-

neath hotspots
Ana Patricia Santana Dynamic Topography of Borborema Province and Surrounding

Regions of Brazil
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Nicola Taylor Inferring magma reservoir properties using Mogi and Finite El-
ement models

Jamie Ward Resolving Lower Mantle Structures using Slowness Space Ob-
servations of Multipathing

Dehorah Wehner 3-D seismic structure of the crust and upper mantle beneath
Southeast Asia from waveform tomography

Anna Williams Conventional filtering and picking methodologies applied to
DAS microseismic data
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Invited Speaker Abstracts

Adventures with Maxwell’s – and other - equations

Kathy Whaler
School of Geosciences, University of Edinburgh

Over the course of a long career, my research interests have diversified – from being a lone ‘in front of the
computer’ scientist to doing significant field campaigns and working as part of multi-disciplinary teams.
Most are loosely based around electromagnetism, i.e. using Maxwell’s equations. They include studying
the surface motion of the liquid iron mixture in the outer core that can explain magnetic field changes
observed at permanent geomagnetic observatories and low Earth orbit satellites; the crustal magnetization
of Earth, Moon and Mars; regional distributions of lithospheric electrical resistivity and their interpretation,
especially in continental rifts; and most recently, applications to the hazards presented by space weather.
Besides showing some of my research results, I will mention the parts played by serendipity and adapting
and responding to opportunities and encouragement. I will also indicate how changes to data types and
quantities, and access to and amounts of computing power, have impacted on my research methods. If
there is time, I will also touch on societal applications of my research – both expected and unexpected.
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Why is seismic inversion so difficult?

Patrick Connolly

Inverting reflection seismic for reservoir properties is, given the noisy, band-limited nature of the data
and the complexity of the geology, never going to be easy. But the difficulty of the problem is so severe
that, after decades of work by thousands of researchers, there is still not even a consensus on how to
approach the problem. The introduction of probabilistic methods, set within Bayesian frameworks, in the
early 2000’s offered hope of a breakthrough but nearly twenty years later that early promise is yet to be
fully realised.
As well as the obvious difficulties, such as the complexity of the relationships between elastic and reservoir
properties, the non-stationarity of the seismic and so on, I’ll examine a problem that causes the inversion
algorithm itself to struggle; the shape of the objective function. The relationship between the geological
model and the seismic expression is not just non-linear but highly rugose with many equally good solutions
scattered throughout the space. This challenges the standard algorithms, such as McMC, to come up
with stable solutions. I’ll show some examples and propose (yet another) possible way forward.
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Ocean Bottom Systems: The Challenges of Developing a Global
Network

Marie Balon, Cassandra Bailly and Sadie DeClercq
Güralp Systems Limited

A presentation by three Client Managers from our sponsor, Güralp Systems Limited. This presentation
consists of 3 parts:

• Part 1: Existing networks: how and why they came to be

• Part 2: The challenges in implementing and maintaining OBS networks

• Part 3: Advances in technology: towards a truly global network
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Student Speaker Abstracts

Bayesian Time Domain Electromagnetic Inversion

Siobhan F. Killingbeck1, Adam D. Booth1, Philip W. Livermore1,
Charles R. Bates2 and Landis J. West1

1 University of Leeds
2 University of St Andrews

Subglacial water influences the dynamics of ice masses. The state of subglacial pore water, whether liquid
or frozen, is associated with differences in electrical resistivity that span several orders of magnitude, hence
liquid water can be inferred from electrical resistivity depth profiles. Such profiles can be obtained from
inversions of time domain electromagnetics (TEM) soundings, but these are often non-unique.
Here, we adapt an existing Bayesian transdimensional algorithm (‘MuLTI’) to the inversion of TEM data
constrained by independent depth constraints, to provide statistical properties and uncertainty analysis of
the resistivity profile with depth. The method was applied to ground-based TEM data acquired on the
terminus of the Norwegian glacier Midtdalsbreen, with depth constraints provided by co-located ground
penetrating radar data.
Our inversion shows that the glacier bed is directly underlain by material of resistivity 102 Ωm ±100
%, with thickness 5-40 m, in turn underlain by a highly conductive basement (100 Ωm ±15 %). High
resistivity material, 5x104 Ωm ±25 %, exists at the front of the glacier. All uncertainties are defined by
the interquartile range of the posterior resistivity distribution.
Combining these resistivity profiles with co-located seismic shear-wave velocity inversions to further re-
duce ambiguity in the hydro-geological interpretation of the subsurface, we propose a new 3D interpre-
tation of the Midtdalsbreen subglacial material partitioned into partially frozen sediment, frozen sedi-
ment/permafrost and weathered/fractured bedrock with saline water.
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Seismic wave propagation in fluids: from the oceans to the stars

Benjamin Fernando, Kuangdai Leng, and Tarje Nissen-Meyer
University of Oxford, United Kingdom

“How inappropriate to call this planet Earth, when clearly it is Ocean” – Arthur C Clarke

Oceans cover more than 70% of our planet’s surface, and have complex yet nuanced effects on the
propagation of seismic waves through the Earth. However, the sparsity of monitoring stations in the open
ocean has meant that seismology in an oceanic context has been historically neglected; despite its enor-
mous potential beyond the traditional boundaries of the field as a remote sensing technique for detecting
ocean temperature changes (Dushaw et al., 1999) and iceberg movement (Chapp et al., 2005), tracking
cetaceans (Dreo et al., 2019) and storms (Davy et al., 2014), and nuclear monitoring (Mitchell, 2002).
In the last decade the proliferation of ocean-bottom and floating seismometers has led to rich, exciting
new datasets which go some way to addressing this deficit. These are now in need of interpretation. Given
the complexity of such measurements, we cannot make use of observation alone – simulation is needed to
gain a thorough understanding of that which we record.
Computer simulations of oceanic seismology are not without their own challenges. Modelling a realistic
ocean layer is so incredibly computationally expensive that simplifications are normally made to make the
problems tractable, like modelling the ocean as an infinitesimally thin layer or making it axisymmetric.
Clearly, neither of these approximations is valid at high resolutions on a global scale!
Here, I will present a methodology capable of modelling fully three-dimensional seismic wave propagation in
a global context with realistic oceans and seafloor bathymetry. This work enables more accurate modelling
of seismicity in an oceanic context at high frequencies, and allows us to explore the behaviour of tertiary
phases trapped in the SOFAR channel, water-column multiples like PwP, and reflections off the modified
free-surface such as PP and PS.
I will also present extensions of this work to other fluid seismology contexts, including atmosphere-to-
ground coupling of wind signals in the context of NASA’s InSight mission to Mars, and to helioseismology.
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Seismic efficiency and scalar seismic moment of metre-scale impacts
on Mars

N. Wójcicka, G. S. Collins, I. D. Bastow
Imperial College London (UK)

NASA’s InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) spacecraft
landed on Mars in November 2018 and began recording seismic signals in early 2019. Primary goals of
the seismological component of the mission are to establish the level of seismic activity and constrain the
impact rate on the planet, and use the resulting seismograms to infer its internal structure (Banerdt and
Russell, 2017).
Impacts are expected to be a key seismic source on Mars, however their seismic signature has not been
characterised in detail. This is primarily due to lack of observational and experimental data on impacts
in the relevant, metre-scale, size range. This work uses numerical modelling to simulate pressure wave
propagation near the impact site until it reaches the elastic regime. To achieve this we use the shock
physics code iSALE (Amsden et al., 1980; Collins et al., 2016; Wünnemann et al., 2006; Vorobiev et al.,
2013). Our results inform efforts to discriminate between seismic source mechanisms and to predict and
constrain detectable impact rates on Mars.
Seismic efficiency and seismic moment are of particular interest to the mission. Seismic efficiency, ks,
is defined as the portion of kinetic energy of the impactor that is ultimately converted into the elastic
(seismic) wave energy. Previous estimates of seismic efficiency range over four orders of magnitude
(10−6− 10−2) and hence this term is the main uncertainty contributor to computing the probability of
seismic detection of an impact event. In this study we compute ks by calculating the kinetic energy of the
impact-generated stress wave until it becomes an elastic wave (Rinehart, 1960). Scalar seismic moment,
M , is a measure of the work done during an impact and is related to magnitude of a seismic event. Here
we use a method derived in Walker (2003) to calculate the value of M .
We simulated a suite of idealised impacts of energies in the range expected to be detectable by InSight
(105− 1012 J; Teanby, 2015). The impactor was represented using a material model for dense, basaltic
rock, whilst the target was represented using a material model for a loose granular rock with 50% porosity
of basaltic composition. All impacts assumed vertical incidence and the simulations were continued until
the impact-generated stress wave reached the mesh boundary.
Seismic efficiencies obtained fall in the range 10−5−10−4 and show a trend that decreases with increasing
impact energy. This is consistent with previous studies, such as experiments in bonded sand (McGarr et al.,
1969). A seismic efficiency of 5× 10−4 was used to predict that InSight would detect 1-10 impacts per
Earth year (Teanby et al., 2019).
Calculated seismic moments fall in the range of 105−1013 Nm and indicate that M is directly proportional
to the initial impact momentum, which allows discrimination between proposed models of impact-generated
seismic waves (Teanby and Wookey, 2011; Daubar et al., 2018).
In the future, we will expand the simulation scenario domain to investigate the dependence of ks and M
on other parameters such as porosity of both the impactor and target.
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Planetesimal cooling histories recorded in Pallasite meteorites

M. Murphy Quinlan, A. Walker, C. Davies, T. Müller, J. Mound, J. Harvey
University of Leeds

Main Group Pallasite (MGP) meteorites originated in the earliest differentiated bodies in the Solar System,
with an age of 4.5 Ga (Chen et al., 2002). They are composed primarily of an olivine network, infiltrated
by iron-nickel metal (Buseck, 1977). Both textural and chemical heterogeneity within individual samples
and across the group is not fully understood. While existing oxygen isotope data suggests that MGPs
all originated from the same local neighbourhood in the early Solar System, the number of parent bodies
involved in their origin remains elusive due to diverse cooling rates.
Diverse formation mechanisms have been proposed, with most falling between two end-member scenarios:
either MGPs represent the core-mantle boundary of a differentiated body or bodies where mantle olivine
and core metal coexisted (Wasson and Choi, 2003), or, alternatively, they are the remnants of an impact
between a stripped metallic body with the olivine mantle of another planetesimal (Yang et al., 2010).
Pallasite olivine grains have been mapped using Energy-Dispersive X-Ray Spectroscopy (EDS) and cal-
ibrated with quantitative spot analysis using an electron microprobe, with crystal orientation obtained
through Electron Backscatter Diffraction (EBSD). A selection of meteorite formation depths have been
calculated using a new thermal model for planetesimals. Improved thermal modelling of the cooling
of small planetary bodies, combined with a suite of geochemical analyses, may constrain the processes
involved in forming these planetary samples.
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Discrepant SKS-SKKS shear-wave splitting suggests a
post-perovskite province in D′′ beneath the Eastern Pacific

Joseph P.R. Asplet, James Wookey and J-Michael Kendall
School of Earth Sciences, University of Bristol

Observations of seismic anisotropy in the lowermost mantle – D′′ – are abundant. As seismic anisotropy
is known to develop as a response to plastic flow in the mantle (Tommasi et al., 2000), constraining
lowermost mantle anisotropy allows us to better understand mantle dynamics. Measuring shear-wave
splitting (e.g., Crampin, 1985) in body wave phases which traverse the lowermost mantle is a powerful
tool to constrain this anisotropy.
Isolating a signal from lowermost mantle anisotropy requires the use of multiple shear-wave phases (Silver
and Savage, 1993). We use SKS and SKKS phases as they allow us to constrain azimuthal anisotropy in
D′′ (e.g., Hall et al., 2004). The raypaths of SKS and SKKS are coincident in the upper mantle but diverge
by at least 700 km in D′′. Therefore, any significant discrepancy in the shear-wave splitting measured
each phase is best explained by anisotropy in D′′.
We search for statistically significant discrepancies in shear-wave splitting measured for a dataset of 420
SKS-SKKS event-station pairs that sample the D′′ beneath the Eastern Pacific. To ensure robust results,
we use a new multi-parameter approach which combines a new measure that we derive from the eigenvalue
minimisation approach for measuring shear-wave splitting (Silver and Chan, 1991) with an existing splitting
intensity method (e.g., Deng et al., 2017).
Using this approach we observe 36 discrepant SKS-SKKS event-station pairs, which predominantly sit
along a backazimuth range of 260°− 290°. Our results highlight a clear region of anomalous anisotropy
in D′′ beneath the Eastern Pacific, corroborating and expanding upon previous observations made using
SKS-SKKS (Long, 2009) and S-ScS (Nowacki et al., 2010) phases. This region is characterised by null
SKS phases and clearly-split SKKS phases with a mean delay time of 1.2 seconds.
Our preferred explanation for this anomalous region of anisotropy is the lattice-preferred orientation (LPO)
of post-perovskite. A plausible mechanism for this anisotropy is the impingement of subducted material
from the Farallon slab at the core-mantle boundary.
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Are mantle plumes responsible for volcanic rifted margins?

Zsófia Zalai1, Jenny Collier1, Thomas Funck2

1 Department of Earth Science and Engineering, Imperial College London
2 Geological Survey of Denmark and Greenland (GEUS)

The main characteristic of volcanic margins is voluminous magmatism, which is expressed as seaward
dipping reflectors, high-velocity lower crust and anomalously thick oceanic crust. This voluminous mag-
matism has been associated with mantle plumes, that provide the excess temperature to generate melt.
However, an alternative model, edge-driven convection was also proposed as a mechanism to generate
the high volume magmatism. Both the North and the South Atlantic Oceans have been associated with
a plume induced break-up. Therefore, they provide a natural laboratory to examine the validity of the
plume/volcanic margin model through the analysis of wide-angle seismic data.
The NAG-TEC dataset was compiled from historical wide-angle refraction data by the geological surveys
of the countries bordering the North Atlantic region over a period of 5 years. We identified 40 profiles
based on their location and orientation that traverse the continent-ocean transition zone and extend onto
oceanic crust. This is in stark contrast with the 6 available profiles in the South Atlantic. Therefore, if
both oceanic basins were created by the same process, then the results from the data-dense North Atlantic
should show the same trends as the data-sparse South Atlantic if the same method is applied.
It is possible to infer mantle potential temperature and the amount of active upwelling at the time of
continental thinning and break-up from wide-angle seismic profiles by extracting the thickness (Hc) and p-
wave velocity (Vp) of the igneous rocks produced. This is called the Hc-Vp method and utilises theoretical
melting models for comparison to infer mantle potential temperature and the amount of active upwelling
A mantle plume that has impacted the base of the continental lithosphere would cause an increased
mantle potential temperature at the time of break-up, while edge-driven convection would not increase
the temperature but increase the amount of active upwelling. Furthermore, a mantle plume signal should
be similar in different provinces whereas edge-driven convection depends on the local configuration of
continental lithospheric structure such as cratons. Hence by comparing results from the North Atlantic
and the South Atlantic further discrimination between the two end-member cases can be made.
The Hc-Vp method has previously been applied to a handful of profiles in the North Atlantic region, but
never in the South Atlantic. However, different authors have used different assumptions when extracting
the observational data as well as when calculating the theoretical melting models. This has made it
impossible to directly compare their results. Here we apply a uniform and systematic analysis of this new
compilation of wide-angle seismic profiles to obtain a map of mantle potential temperature and upwelling
ratio at the time of break-up.
Here I will present preliminary results from south of Iceland and the profiles from the South Atlantic.
Despite being from two different oceanic basins the Hc-Vp analysis of the profiles show a similar trend.
Both regions exhibit a decreasing temperature trend with increasing distance away from the centre of
impacted plume location (Iceland in the case of the North Atlantic and Tristan da Cunha in case of the
South Atlantic). Two sides of the same mid-oceanic spreading ridge in theory should look symmetrical,
however local variation causes divergence from the main trend even on these profiles.
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The Probability of Plumes in Global Tomographic Models

Augustin Marignier, Ana M. G. Ferreira, Thomas D. Kitching
University College London

Seismic tomography has seen a significant improvement since the end of the twentieth century with the
expansion of seismic station networks and theoretical and computational advances leading to more and
more detailed models of the Earth’s deep interior. While features such as subduction zones are relatively
easy to image, other features such as mantle plumes continue to be difficult to resolve. Furthermore,
differences in datasets, theory and methods used to build tomographic models result in different features
appearing inconsistently, and a lack of uncertainty quantification impedes distinguishing features from
noise. This work uses a spherical wavelet transform and random noise realisations to objectively quantify
the probability of plume-like features in six recent global tomographic models. We find only two features,
in the Pacific and East Africa, that consistently and confidently appear in at least five models. Hawaii and
Iceland plumes are found in only up to two models, as are plumes around the Southwest and Southeast
Indian ridges. From this we conclude that great care must be taken when visually interpreting plume-like
features in tomographic models, as few can be clearly distinguished from noise or small-scale artefacts.
Additionally, high correlations are found between plume probability maps and shear wave speed within
the boundary of large low shear velocity provinces (LLSVPs) at the core-mantle-boundary in all models,
reinforcing the notion that some plumes may be rooted at the LLSVPs. While the focus of this work is on
mantle plumes, the tool developed to examine tomography models is flexible and can be used to assess
other features of the tomographic models.
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How are Earthquake Locations Affected by an Evolving Network?

Jade H. W. Eyles1, Jessica H. Johnson1, Jenni Barclay1 and Paddy J. Smith2

1 School of Environmental Science, University of East Anglia
2 School of Cosmic Physics, Dublin Institute for Advanced Studies. Formerly at: Montserrat

Volcano Observatory, Montserrat

Volcanic activity is usually accompanied by an increase in seismicity, linked to magma movement and
ascent. At present, the Montserrat Volcano Observatory (MVO) are using a 1D seismic velocity model
based on Guadeloupe, with the location program Hypocenter (Linert et al., 1986). The variability in active
stations has varied considerably since the start of the eruption in 1995. This research examines the effect
of station variability on hypocentre location, and asks whether we can trust resulting locations using the
current 1D model and a different software - NonLinLoc (Lomax et al., 2000).
P and S travel times for 10 different station configurations (correlating to the evolving network on Montser-
rat) were calculated from a grid of 336 synthetic earthquakes throughout the island of Montserrat. The
synthetic travel times were then used to relocate the synthetic earthquakes using the current 1D model in
NonLinLoc. The quality of the relocated hypocentres was assessed by comparing RMS, change in location
and origin time, and calculated errors. To have confidence in the location method, hypocentres should be
relocated back to their original synthetic earthquake location, within the calculated error.
Preliminary results show that the majority of hypocentres do not relocate to within the error from the
synthetic earthquake, suggesting that calculated errors are insufficient for the velocity model and software
tested. Time periods with an active station in the North of the island are shown to have decreased the
number of relocated hypocentres which fit within the produced errors, resulting in a negative impact on
the confidence of the earthquake locations. Additionally, synthetic events deeper than 5km show more
accurate relocations than shallower events. However, seismicity at Soufrière Hills Volcano is generally
within the top 5 km, meaning that the combination of station geometry, velocity model, and software are
not optimal for these events.
Future work aims to use a 3D model of Montserrat with the hope of further constraining locations,
alongside trialling different location methods within the NonLinLoc software, and other location programs
which are available such as Hypocenter, and Bayesloc. Different station configurations will also be tested
to see if an optimal geometry can be obtained for future use by MVO. The overall aim is to be able to
have a method that can be used to relocate the past catalogue from 1995 to present, to improve our
understanding of the volcanic plumbing system.
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Imaging Seismic Discontinuities Beneath the North
American-Caribbean Plate Boundary Using S-to-P Receiver Functions

Daniel Possee, Catherine Rychert, Nicholas Harmon and Derek Keir
University of Southampton

The evolution of the North American-Caribbean plate boundary has resulted in the formation of numerous
micro-plates and a transition from oblique subduction to oblique collision moving from west to east.
However, there is still much uncertainty as to how these tectonic features are expressed in the upper mantle.
Here we use S-to-P receiver functions to map seismic discontinuities across the plate boundary, placing
constraints on crustal and lithospheric thicknesses, as well as the structures associated with subduction
and collision.
We used data from earthquakes >Mw 5.5 located at 55-80° away and recorded at 72 seismic stations
located along the plate boundary from Puerto Rico through to Jamaica, and hand selected the best 1323
out of 8323 waveforms. S-to-P receiver functions were then calculated using an extended time multi-taper
deconvolution followed by a depth migration to determine a 3-D image of seismic discontinuities along
the plate boundary.
Velocity increases with depth are consistently seen at depths of 30-35 ± 3 km along the plate boundary,
which corresponds to the Moho depth. The exception is across the Cayman trough, where we observe
crustal thinning of 5 km likely related to the locally rifted crust. A second strong velocity increase with
depth is observed at depths of 60-70 ± 4 km, which is observed north of Puerto Rico and in southern
Hispaniola. North of Puerto Rico this feature maps well to the Moho of the subducting North American
plate. Similarly, in southern Hispaniola this feature can be explained by the under thrusting of the
Caribbean Large Igneous Province (CLIP) under central Hispaniola. Deeper discontinuities are not always
well-resolved but a strong velocity decrease with depth is observed at a depth of 135 ± 8 km, which maps
to the spatial extent of the CLIP south of the plate boundary. This feature is likely the deep Lithosphere-
Asthenosphere boundary (LAB) of the CLIP. The LAB is also observed to shallow above the Beata Ridge
by 25 km, which has implications for the initiation mechanism of magmatic episodes by either mantle
plumes or lithospheric thinning that occurred during the evolution of the Caribbean Plate. It will also help
to constrain kinematic plate reconstruction models for the region.
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Imaging melt movements from the mantle to the crust using a joint
inversion of Rayleigh waves and ambient noise tomography

Emma L. Chambers1, Nicholas Harmon1, Derek Keir1,2, Ryan Gallacher1 and Catherine
A.Rychert11

1University of Southampton, Southampton, UK
2Dipartimento di Scienze della Terra, Università degli Studi di Firenze, Florence, Italy

The northern East African Rift offers a unique location to investigate the role of fluids at different stages
of rifting,from continental rifting of the Main Ethiopian Rift (MER) to incipient seafloor spreading in Afar.
Specifically, fluid pathways and their storage depths through the lithosphere and crust have implications
for weakening and destroying the lithosphere and the chemical evolution of the magmas that erupt at the
surface. Here we use Rayleigh wave tomography from both ambient noise and teleseismic event data, to
image the upper 10– 150 km of the region at 25 – 50 km lateral resolution. This provides a new regional
model for shear velocity, allowing us to infer fluid pathways and storage, due to the sensitivity of shear
velocity to fluids, in the crust and upper mantle.
The most prominent features in our velocity maps are 1) slowest asthenospheric mantle velocities beneath
Afar (4.00 km/s ±0.08 km/s), 2) slowest lithospheric mantle and crustal velocities beneath the MER
while Afar is significantly faster velocity (3.35 – 3.80 km/s ±0.03km/s in the MER, vs. 3.75 – 4.15 km/s
±0.04 km/s in Afar, for 10 – 40 km depth), and 3) slow velocities in parts of the Ethiopian plateau
crust, such as the Yerer-Tullu Wellel Volcanotectonic Lineament and southeast of lake Tana (3.40 – 3.85
km/s±0.04 km/s). These anomalies laterally connect to slow crustal velocities beneath the MER. We
observe no evidence for slow velocities beneath the plateau deeper than the uppermost mantle. We
interpret these observations as follows 1) Slow asthenospheric mantle velocities beneath Afar is consistent
with relatively elevated spreading rates (∼2 cm/yr.), allowing melt production at ∼80 – 150 km depth.
2) Slower lithospheric velocities in the less evolved MER suggest heating and the presence of melt. This
is consistent with petrological evidence for longer melt residence times through the magma plumbing
systems, while in Afar melt is more efficiently transported through the lithosphere. 3) Slow velocities
beneath the plateau are connected to the MER slow velocities at Moho depths providing evidence for
lateral flow of melt in the lower crust/uppermost mantle.
We therefore provide evidence that melt transport through the lithosphere is less efficient early during
continental rifting, and that lower crustal lateral melt migration can occur from the rift valley to off-rift
areas. We also show evidence that melt production increases later during breakup when the lithosphere is
thin and spreading rates higher.
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The thermal and compositional structure of lithospheric keels underlying cratons, which are stable conti-
nental cores formed during the Precambrian, is still an enigma. Recent seismological studies have shown
that for some regions the cratonic lithosphere is vertically stratified in terms of composition. Mapping
those compositional heterogeneities is essential to better understand geodynamical processes that operate
beneath cratons as well as their formation and evolution. The northeastern part of North America is
ideal to investigate the Precambrian lithosphere. The region comprises the Superior Craton, the largest
Archean craton in the world, and surrounding orogenic belts from the Proterozoic. To model the thermal
and compositional structure of its lithosphere, we used Rayleigh wave dispersion curves. First, the dis-
persion curves were regionalized based on cluster analysis and geological characteristics. Then, for each
group, we searched for thermal and compositional structures using constraints from crustal structure, sur-
face heat flow and thermodynamic methods to map thermocompositional structures into seismic velocity
to find those that fit the observed dispersion curves. In agreement with previous studies, most regions
require concentrations of metasomatic minerals over certain depth intervals to fit the seismic profiles. Our
results further show not only vertical but lateral variation in compositional and thermal structures, which
appear to reflect the complex geotectonic history of the region.
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WGBIS: Bayesian Inversion of Wrapped Satellite Interferometric
Phase to Estimate Fault and Volcano Surface Ground Deformation

Models

Yu Jiang, Pablo J. González
COMET, University of Liverpool

Satellite radar interferometry (InSAR) is used to constrain source parameters, e.g., the slip on an active
fault or the volume change of magmatic reservoirs. However, the interferometric phase pattern should be
unwrapped to correspondence to surface displacement predicted by theoretical geophysical models. Such
unwrapping process is extremely ill-posed and leads to undesired phase jumps, affecting estimation of
geophysical processes.
Here, we develop a new methodology for earthquake and volcano source parameters estimation by inverting
wrapped phase (before unwrapping), and implement it in software package (WGBIS). WGBIS solves for
unknown parameters using Bayes’ theory, providing also its uncertainties. To overcome the need for phase
unwrapping: we improve the down-sampling algorithm Feigl and Thurber (2009) and propose a method to
estimate the covariance function of the wrapped phase. Then we establish an appropriate misfit function
between the observed and the simulated wrapped phase, and assess the uncertainties of source parameters
within a Bayesian approach. Finally, we test the robustness of the inversion methodology in multiple
simulations including variable decorrelation and atmospheric noise simulations. We compare the results
between WGBIS and a state-of-the-art method, GBIS Bagnardi and Hooper (2018). We find that:
(1) The wrapped phase was directly used in our inversion methodology, so the concerns about the un-
wrapping error are no need to worry about any more. The improved down-sampling algorithm provided a
fine observed data for the inversion.
(2) Embedded with a Bayesian approach, our methodology could provide an assessment of the model
uncertainty and it also has the capability to escape the local minimum.
(3) The block variance-covariance describing the noise contained in the wrapped phase is considered in
the likelihood function, and thus we could provide an optimistic uncertainty of source model, rather than
an under-estimated uncertainty when neglecting the off-diagonal variance-covariance term.
(4) The robustness of our methodology was validated with multiple likelihood functions, in simulated cases
with various noise level, and in one scenario with strong phase gradients.
(5) In terms of the performance with respect to noise, the range of application for WGBIS is extended
compared with that for GBIS.
We conclude that in the cases where phase unwrapping is difficult or even impossible, the proposed
inversion methodology with wrapped phase will provide an alternative approach to assess earthquake and
volcano source model parameters.
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Itahisa González Álvarez1, Sebastian Rost1, Andy Nowacki1 and Neil Selby2

1 University of Leeds, Leeds, United Kingdom
2 AWE Blacknest, Baughurst, United Kingdom

Subsurface heterogeneities with scale lengths on the order of the seismic wavelength scatter the seismic
wavefield, transferring energy from the main arrival to the coda and generating traveltime and amplitude
fluctuations. Understanding the effect of these heterogeneities on the wavefield is important for the
characterization of natural and man-made seismic sources and to improve our knowledge of Earth structure.
Here, we combine an energy flux model with the analysis of the incoherent coda wavefield to a dataset of
over 350 teleseismic events recorded at the Pilbara, Alice Springs and Warramunga seismometer arrays in
Australia. This combination allows us to use a Bayesian inversion to determine heterogeneity (correlation
length, RMS velocity fluctuations of the heterogeneities and thickness of the scattering layer) that quantify
the scale and magnitude of the lithospheric heterogeneities present beneath the arrays. Our data show
differences in shallow heterogeneity structure between the three arrays and indicate that the structure
becomes more similar at depth. Results from synthetic tests show this method can satisfactorily resolve
multi-layered models of the lithosphere. These study is first step in the development of a technique aiming
to remove the effect of the small-scale, near receiver structure from recorded wavefields, thus enabling us
to improve our source characterization and more clearly image the Earth’s interior.

24
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The formation of crust at mid-ocean spreading ridges is one of the fundamental processes of plate tectonics.
Iceland, which straddles the mid-Atlantic ridge and is uplifted by a convective plume in the underlying
mantle, has an active mature spreading ridge system exposed above sea level. It therefore represents a
unique opportunity to study a spreading ridge using land-based methods. Furthermore, the crust in Iceland
has an abnormal structure with a varying thickness (up to 40 km in central Iceland) and a noticeable
mid-crustal discontinuity at 20km depth. While this anomalous structure is usually attributed to the
ridge-plume interaction, its formation process and varying spatial distribution are highly debated. In this
work, we explore the velocity structure and radial anisotropy of the crust and upper mantle in Iceland
using phase velocity dispersion curves measurements from ambient noise for both Love and Rayleigh
waves. We find that while both Love and Rayleigh phase velocities are lower along the rift zones, the SH
and SV structures differ significantly with depth. In the uppermost crust we find mostly negative radial
anisotropy (SV > SH), which we attribute to the existence of vertically oriented cracks and dykes which
are formed due to the extensional regime of plate spreading. In the lower crust however, we mostly observe
positive radial anisotropy (SV < SH). Furthermore, the radial anisotropy in the lower crust displays a weak
azimuthal dependence with lower velocities parallel to the plate spreading direction. These observations
suggest that the lower crust is built by layers of sills containing anisotropic minerals such as olivine and
that it flows horizontally with a component parallel to the spreading direction.
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Understanding the coevolution of mountain building and seismic
hazard in regions of continental convergence
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Active continental convergence between the Arabian and Eurasian plates is driving spatially-complex de-
formation in Iran. The 20–30 mm/yr of NE-SW shortening (Khorrami et al., 2019) is concentrated within
its mountain belts (the Zagros, Alborz, and Kopeh Dagh) where rapid strain accumulation is expressed
in the form of extensive seismicity. Previous work on estimating strain rates has used horizontal GNSS
observations with low spatial resolution (50–100 km, Walters et al., 2017), which limits our ability to link
strain concentrations to individual structures. This in turn hampers our assessment of the seismic hazard
within the region. Our aim is to combine Sentinel-1 InSAR measurements of surface velocity with GNSS
observations to derive an updated high-resolution (0.1–1 km), country-scale, three-component strain rate
field for Iran. In our approach, tropospheric noise is mitigated using the Generic Atmospheric Correction
Online Service for InSAR (GACOS) (Yu et al., 2017, 2018a,b), which combines digital elevation models
with weather models. Surface velocities are then derived using a small baseline inversion (Doin et al.,
2011). From these kinematic observations, we will constrain the dynamics of deformation within Iran
through lithospheric modelling (e.g., England et al., 2016; Walters et al., 2017). Additionally, by measur-
ing deformation on individual geological structures we will investigate the propagation of both faults and
folds as a mountain building process. Our initial focus for time series analysis is the Main Recent Fault
(MRF), an 800 km long, right-lateral strike-slip fault in the western Zagros. Past studies of the MRF have
presented a wide range of average interseismic slip rates depending on the method used. Our method
highlights a potential tectonic deformation signal localised on the MRF, from which a new independent
estimate of slip rate may be derived. Future work will focus on isolating this signal, before applying our
method to other regions of active deformation. Ultimately, we aim to provide a new understanding of the
relationship between mountain building and seismic hazard in Iran.
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The greater imaging potential of the near-surface alongside the development for decimetric scale bespoke
inversion methods for Ultra-High Frequency (UHF; 0.4-4.0 kHz) multichannel seismic surveys with deci-
metric vertical resolutions has facilitated its implementation in a number of commercial and academic
sectors. However, this places a greater emphasis on the positioning precision (λ/4) of source-receiver
offsets during acquisition and processing. Compared to typical exploration datasets with precision require-
ments in the order of ± 3.0 m, receiver positions in UHF surveys are an order of magnitude more sensitive
resulting in dynamic uncertainties in source-receiver geometry embedding into the data. To overcome this,
we develop and implement a hierarchical Genetic Algorithm (GA) optimisation to model source-receiver
offsets and streamer geometry on a shot-by-shot basis by minimising the difference between observed and
predicted direct arrival travel-times. Method suitability was assessed against a range of synthetic models
before a real dataset from Sørfjorden, Mid-Norway was introduced. In both cases, we see that direct
arrival misfits are consistently within ± 0.1-0.2 ms while associated offset differences are 15.0 –30.0 cm,
allowing for the correct bin allocation for traces during geometry assignment in processing workflows.
Success in determining the source-receiver offsets for real data highlight the further applicability of this
method in aiding downstream processing for multichannel data in assessing velocity model building and
physical property estimations.
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The seaward, updip, extent of plate-boundary fault rupture during subduction zone earthquakes is an
important control on seismic magnitude and tsunamigenic potential. The updip limit of seismogenesis is
controlled by the physical properties and pore fluid pressure of the sediments that surround the fault plane.
Shallow slip on the plate-boundary fault during the 2004 Mw 9.2 Aceh-Andaman Earthquake, offshore
North Sumatra has been closely linked to a thick sedimentary section on the oceanic plate. A high-
amplitude, reversed-polarity reflector has been identified in seismic reflection data offshore the 2004 rupture
area, and is thought to represent an overpressured horizon that eventually forms the plate boundary fault
(the décollement). The thick (1.5 km increasing to 4-5 km in the trench) sedimentary section increases
temperatures in the basal sediments, hypothesised to trigger diagenetic dewatering reactions (e.g., opal-
quartz, smectite-illite). The fluids that are produced from these reactions are focussed into sediments where
the décollement ultimately forms. International Ocean Discovery Program (IODP) Expedition 362 sampled
the entire sequence of sediments on the incoming plate offshore northern Sumatra, ∼225 km seaward of
the subduction zone deformation front. The age control and physical and thermal properties measured by
Expedition 362 were coupled with observation from multichannel seismic reflection data to produce 2D
thermal models of the sediments on the incoming plate. Here we show that the basal sediments, in the
vicinity of where the décollement will form, are reaching critical temperatures for diagenetic dewatering
reactions before they have reached the deformation front of the subduction zone, i.e. pre-subduction.
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Subduction of chemically bound water in oceanic crust has long been known to be the primary method by
which volatiles are reintroduced to the mantle. It has been proposed that the amount of water stored in the
slab should vary globally, depending on factors including the age, spreading rate and degree of alteration.
This variable hydration can in turn exert a strong control on subduction zone processes including intraslab
seismicity and arc volcanism.
Here we present the results of a new, high-resolution, 2D seismic profile, shot by the R.R.S. James Cook
in 2017, across the outer-rise and accretionary prism of the Lesser Antilles arc in the region of the Tiburon
Basin. The Atlantic Ocean setting presents the opportunity to test our understanding of incoming plate
hydration through comparison with better studied Pacific Ocean examples. Wide-angle P-wave arrivals
along the 174km profile, modelled in tomo2d, resolve clear velocity perturbations in the incoming Atlantic
lithosphere. Comparison with a coincident multi-channel streamer reflection profile allow us to tie these
velocity variations to tectonic features, such as the outer-rise, which is identifiable by recent extensional
faulting in the overlying sediments.
As well as being the first such experiment across slow-spreading Atlantic oceanic crust our profile samples
significantly older crust (>90Ma) than the majority of existing studies. We identify clear hydration of
the lower crust and mantle marked by a significant reduction in lower crustal and mantle velocities from
∼30km outboard of the accretionary prism. This result has implications not just for the amount of water
being delivered into the Lesser Antilles subduction zone, but for the global subduction water budget as a
whole.
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The interaction of external tectonic forces, internal gravitational forces and surface erosion results in
mountain building in areas of continental collision. However, the main factor that controls the response
of the crust in these areas is the crustal rheology throughout the orogen. A key means of deriving the
deformational characteristics of such a scenario is accurate measurements of uplift rates. The launch of
the Sentinel-1 constellation provides the opportunity to map vertical motions across mountain ranges at
spatial resolutions much higher than those permissible by GPS. A combination of these results with the
constraints on the rheology of lower- and mid-crustal material through numerical modelling will allow a
holistic view of mountain building to be formed,
The Southern Alps of New Zealand provides an excellent opportunity to carry out such a study. Rapid
deformation has occurred due to oblique collision in a continental transpression between the Australian
and Pacific plates along the Alpine Fault. An unusually shallow dip along the Alpine Fault has resulted in a
significant vertical component of deformation, causing the formation of the topographically high Southern
Alps. The exhumation of lower crustal material places us in a unique position, where uplift has occurred
at such a rate that exposed lower- to mid-crustal material is representative of the deformational conditions
currently occurring at those depths.
Initial processing of InSAR data has highlighted the challenges that this region poses. The rapid uplift has
resulted in significant topographically correlated and seasonal variations in coherence. A short temporal
baseline (12-24 day) approach to time-series analysis would result in substantial gaps in the network due
to the seasonal decorrelation, increasing the difficulty of accurately constraining long-term displacement
rates As such, coherence matrices have been used to identify suitable longer baseline (up to 6 month)
interferograms that can therefore be used to span periods of low correlation. This will allow time-series
analysis to be carried out with less need to connect discrete short-baseline networks to extrapolated linear
trends.
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The World’s Most Expensive Bubbles
(Preliminary results of the Controlled Release Experiment)
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With the expected large scale adoption of Carbon Capture Storage (CCS), a growing importance has been
placed on developing methods for the detection and quantification of underwater gas releases in order
to provide long term monitoring systems. To this end the STEMMCCS project was established, calling
on expertises from all fields of science to deliver new approaches, methodologies and tools for the safe
operation of offshore CCS sites.
The project culminated in May 2019 with the Controlled Release Experiment in the North Sea. This was
an incredibly ambitious attempt to simulate the formation of a leakage site in the marine environment, ar-
tificially injecting carbon dioxide beneath the seabed (see figure below). The escaping gas being monitored
by numerous seabed landers and shipboard sensors to characterise the phenomenon.
Key among these monitoring techniques is the newly developed use of passive acoustics to quantify gas
flux. By recording the sound of the seep we were able to invert the signal to derive the spectral generation
rate of bubbles, i.e. the rate at which bubble of different sizes were being released, thus determining the
gas flux. These results being verified by additional optical and physical measurements.
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The spatial and temporal evolutions of aftershock sequences following large earthquakes often show great
complexity and may require causative mechanisms beyond co-seismic, elasto-static Coulomb stress changes
in the crust. Post-seismic deformation (PSD) manifesting as slow, aseismic surface strain is often modelled
as distributed viscoelastic flow at lower crustal and upper mantle depths and as more localised aseismic
afterslip due to velocity-strengthening rheologies that occur down-dip of, but sometimes up-dip and as
asperities within, the seismogenic fault zone. Much recent research has suggested the potential dominance
of PSD mechanisms – rather than co-seismic Coulomb stress change – in aftershock triggering. There-
fore, understanding these postseismic mechanisms may be key to understanding the spatial and temporal
evolutions of aftershock sequences. The mechanism of afterslip, in particular, has been suggested to
exert dominant control on aftershock productivity and temporal decay, but only in studies that focused
on individual sequences. Here, we evaluate this claim by compiling published aseismic afterslip character-
istics of various global earthquakes from over one hundred studies and comparing these with properties of
corresponding aftershock sequences.

We first compile a database of afterslip models, including moments, model parameters and decay charac-
teristics following numerous global mainshocks from the published literature. We then search the global
USGS PDE catalog for the corresponding aftershock sequences, which were selected by varying two and
three dimensional (downdip of and on-and-around the fault plane) methods. A first comparison revealed
co-seismic moment exerts an obvious control on afterslip as well as aftershock productivity. In addition,
generally-geodetically derived afterslip moments are estimated at a wide variety of times after the main-
shock, complicating a direct comparison. We attempt to control for these effects by normalising the
number of aftershocks to the expected productivity of a given co-seismic moment (the Utsu-Seki law) and
we consider the afterslip models as functions of time. Preliminary results suggest broad variability of both
afterslip and aftershocks, but no robust correlation of (normalised) afterslip moment with (normalised)
aftershock numbers, and thus no obvious control of afterslip on aftershocks.
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H-κ stacking is used routinely to infer crustal thickness and bulk-crustal VP /VS ratio from teleseismic
receiver functions. The method assumes that the largest amplitude P-to-S conversions beneath the
seismograph station are generated at the Moho. This is reasonable where the crust is simple and the
Moho marks a relatively abrupt transition from crust to mantle, but not if the crust-mantle transition
is gradational and/or complex intra-crustal structure exists. We demonstrate via synthetic seismogram
analysis that H-κ results can be strongly dependent on the choice of stacking parameters (the relative
weights assigned to the Moho P-to-S conversion and its subsequent reverberations, the choice of linear or
phase-weighted stacking, input crustal P-wave velocity) and associated data parameters (receiver function
frequency content and the sample of receiver functions analyzed). To address this parameter sensitivity
issue, we develop an H-κ approach in which cluster analysis selects a final solution from 1000 individual
H-κ results, each calculated using randomly-selected receiver functions, and H-κ input parameters. Ten
quality control criteria that variously assess the final numerical result, the receiver function dataset, and
the extent to which the results are tightly clustered, are used to assess the reliability of H-κ stacking at
a station. Analysis of synthetic datasets indicates H-κ works reliably when the Moho is sharp and intra-
crustal structure is lacking but is less successful when the Moho is gradational. Limiting the frequency
content of receiver functions can improve the H-κ solutions in such settings, provided intra-crustal structure
is simple. In cratonic Canada, India and Australia, H-κ solutions generally cluster tightly, indicative of
simple crust and a sharp Moho. In contrast, on the Ethiopian plateau, where Paleogene flood-basalts
overlie marine sediments, H-κ results are unstable and erroneous. For stations that lie on thinner flood-
basalt outcrops, and/or in regions where Blue Nile river incision has eroded through to the sediments below,
limiting the receiver function frequency content to longer periods improves the H-κ solution and reveals
a 6–10 km gradational Moho, readily interpreted as a lower-crustal intrusion layer at the base of a mafic
(VP /VS=1.77–1.87) crust. Moving off the flood-basalt province, H-κ results are reliable and the crust
is thinner and more felsic (VP /VS=1.70–1.77), indicating the lower crustal intrusion layer is confined to
the region covered by flood-basaltic volcanism. Analysis of data from other tectonically-complex settings
(e.g., Japan, Cyprus) shows H-κ stacking results should be treated cautiously. Only in regions of relatively
simple crust can H-κ stacking analysis be considered truly reliable.
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New constraints on seismicity of the Mt. Kinabalu fault system in
Sabah, North Borneo
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The North Borneo Orogeny Seismic Survey (nBOSS) aims to better understand the mechanisms driving the
processes that occur in a post-subduction setting. In March 2018, we deployed a dense network of 46 seis-
mometers across Sabah in order to examine these mechanisms using a suite of seismic imaging techniques.

Mt. Kinabalu (4095 m) is a large granitic pluton that was emplaced between ∼7.9 and 7.2 Ma. The
region around the mountain experiences infrequent earthquakes, with the M6.0 Sabah earthquake in 2015
being the second largest earthquake to strike the region in the past century. This deadly earthquake
killed 18 people and caused an estimated 100 million Ringgit (∼£20 million) damage to buildings, roads
and infrastructure. The 2015 earthquake highlighted the importance of improving our understanding of
seismic hazard in North Borneo. Although both a network of faults striking along the spine of the Crocker
range, and a complex network of faults around the Kinabalu massif have been mapped, which of these
are currently active remains poorly understood. Using data from the nBOSS seismic network, together
with additional data from the Malaysian Meteorological Service, we aim to quantify and categorise the
seismicity associated with this fault system.

We use QuakeMigrate, a new, modular, open-source Python package that employs a migration and
coalescence-based technique to efficiently, automatically and robustly detect and locate microseismicity in
the region around Mt. Kinabalu. We provide QuakeMigrate with continuous raw seismic data, a velocity
model derived using nBOSS seismic data, and a list of station locations. A realistic estimate of the event
location uncertainty, phase picks with uncertainties, and a suite of visual outputs allow rigorous selection
of real events at a sub-SNR detection threshold.

Using data from March 7 2018 to 28 August 2018, we detect and locate over 1800 events with lo-
cations highly concentrated beneath the Kinabalu massif. After applying a simple filter based on the
calculated spatial uncertainties to remove false triggers and manually reviewing the remaining events, we
are able to build an earthquake catalogue of over 1500 earthquakes for this six month period. Given
existing catalogues for the area around Mt. Kinabalu only record on the order of tens of events between
1990 and the present day, our results demonstrate that these catalogues are highly incomplete at low
magnitudes and thus existing tectonic and hazard models for the area need to be revised.
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Imaging of hyperextended zone and exhumed continental mantle rocks can improve our understanding
of the tectonics of the final stages of rifting. In the Deep Galicia margin, the upper and lower crust are
coupled allowing the normal faults to cut through the brittle crust and penetrate to the mantle leading
to serpentinization of the mantle. Localized extensional forces caused extreme thinning and elongation
of crystalline continental crust causing the blocks to slip over a lithospheric-scale detachment fault called
the S-reflector.
A high-resolution velocity model obtained using seismic full waveform inversion gives us deeper insights
into the rifting process. In this study, we present results from three dimensional acoustic full waveform
inversion performed using wide-angle seismic data acquired in the deep water environments of the Deep
Galicia margin using ocean bottom seismometers. We performed full waveform inversion in the time
domain, starting with a velocity model obtained using traveltime tomography, of dimensions 78.5 km
x 22.1 km and depth 12 km. The high-resolution modelling shows short-wavelength variations in the
velocity adding details to the traveltime model. Our model shows improved alignment of the velocity
variations along the steeping dipping normal faults and a sharp velocity contrast across the S-reflector
when compared with the time migrated seismic reflection images. We validated our result by tracking
changes in phases of the first arrivals during the inversion and by comparing the observed and the synthetic
arriving waveforms.
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Ancient buried landscapes of the North Atlantic Ocean and their
significance

Ben Conway-Jones and Nicky White
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A 56 million year old regional unconformity within the Faroe-Shetland basin, located on the northern edge
of the northwestern European continental shelf, has previously been identified and mapped. The surface
represents a buried terrestrial landscape that has a recoverable fluvial drainage network. Transient uplift
and subaerial exposure has been attributed to a laterally flowing radial pulse of hot material emanating
from the Icelandic plume. There is independent evidence from the oceanic basin to the north that the
temperature structure of the Icelandic plume has fluctuated on timescales of 2 to 6 million years. Here,
we have remapped this transient landscape, as well as a suite of younger landscapes, on calibrated three-
dimensional seismic reflection surveys. These multiple ephemeral landscapes have similar channelized
erosional and dendritic drainage networks. Once converted to depth, flattened and decompacted, each
paleo-landscape equates to a minimum tectonic uplift of O(200) m. Absolute dating of the landscapes,
determined by commercial biostratigraphic data, reveals subaerial exposure is periodic on O(2) Myr.
Drainage patterns have been inverted to determine a high resolution history of regional uplift. Transient
mantle convection is the likely cause of these uplift events. These unique landscapes provide a valuable
insight into dynamics of mantle plume activity and help to constrain the character of flow within the
asthenospheric channel.
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Understanding melt distribution beneath volcanoes: An experimental
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Models of large-scale magmatic systems have evolved from simple chambers to more complex systems
containing transient, layered structures of fluid, melt and crystal mush. Imaging these subsurface structures
therefore can lead to better understanding of the threats posed and assist monitoring programmes, but
current imaging techniques provide only limited resolution of magmatic structures, with strong trade-
offs between seismic waves sensitive to melt fraction and distribution. Despite this, the commonly used
relationships linking melt distribution and seismic velocities rely on either 2D images of synthetically melted
rock aggregates or simplified geometrical approximations and are therefore not wholly representative of
the volcanic system models.
This project aims to develop a new approach to analyse grain-scale structures at different melt fractions
through the manufacture of physical models which can be seismically tested. The initial stage is focussed
on testing idealised melt inclusions of chosen aspect ratios and comparing them to effective medium
models. The solid crystal material is represented by epoxy resin, which is mechanically stable up to 50°C,
while the melt fluids are represented by myristyl alcohol, which has a melting point of 38°C. Early tests
have indicated that these materials have suitable mechanical and acoustic properties for producing physical
approximations of melt structures.
Future stages will use a variety of techniques such as 3D printing to develop models of realistic melt
structures at varying melt fractions. At completion of the project, a suite of seismic parameters will be
determined which will be applied to real-world, active volcanic settings to better describe melt distribution
in the crust.
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In the Andes, the oblique convergence/subduction between the Nazca and South American plates, is
not only accommodated through partitioned thrust and strike-slip deformation along major arc-parallel
structures, but also through Andean Transverse Faults (ATFs). These are thought to be inherited pre-
Andean structures serving as current crustal weak zones which favour arc-related fluid release. They
are categorized into: ENE-striking, sub-parallel to regional N70°E σ1, thus favourably oriented to allow
fluids migration and 2) highly misoriented NW to WNW-striking faults. These NW to WNW-striking
ATFs seem to control quaternary volcano and hot springs locations in the Southern Andes while their
intersections with margin-parallel faults host major ore deposits in the north, indicating they potentially
serve as magmatic and hydrothermal pathways.
In this study we show seismicity constrained from a 20-month-long seismic deployment, from April 2017 to
December 2018, in the Southern Volcanic Zone of the Andes. We locate over 700 crustal earthquakes and
show that previously unknown WNW ATFs are seismogenic. Focal mechanisms show dominant strike-slip
deformation along the main ATF seismogenic zone observed in our study. A second area of high seismicity
is located beneath the recently active Planchón-Peteroa Volcanic Complex in the south of our study area.
A coeval magnetotelluric study shows these regions of high seismicity bound an area of high conductivities,
interpreted as either hydrothermal or magmatic fluids reservoirs in the upper crust.
We suggest that fluid migration, possibly driven by magmatic processes lead to local pore fluid pressure
increases that trigger seismicity along the pre-existing ATF structure. This fault may act as a conduit for
fluids along-strike, while being a barrier to northwards fluid flow. This supports the hypothesis that these
features play a key role in controlling fluid flow in the upper crust.
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Saffman-Taylor viscous fingering and the Icelandic plume

Hannah Galbraith-Olive, Nicky White and Andy Woods
Bullard Laboratories, Department of Earth Sciences, University of Cambridge

The Icelandic plume, a major convective upwelling, has had a considerable influence on the geological
evolution of the North Atlantic. Significant shear wave velocity anomalies, observed in full-waveform
tomographic models between 100 km and 200 km depth, show the Icelandic plume has a complex,
irregular planform. These anomalies suggest about five horizontal fingers radiate away from the central
plume conduit. The best imaged fingers lie beneath the British Isles and southern Scandinavia, extending
∼1,000 km from the Icelandic plume. It has been proposed that these radial miscible fingers develop due
to the Saffman-Taylor instability, a fluid dynamical phenomenon which occurs when a less viscous fluid is
injected into a more viscous fluid. Mobility ratio (i.e. the ratio of fluid viscosities), Péclet number (i.e. the
ratio of advective and diffusive transport rates) and thickness of the horizontal layer into which the fluid
is injected, together control the presence of fingering due to the Saffman-Taylor instability. Preliminary
estimates for the Icelandic plume suggest the mobility ratio is at least 20–50, the Péclet number is O(104),
and the asthenospheric channel thickness is 100 ± 20 km. Appropriately scaled laboratory experiments play
a key role in developing a quantitative understanding of the spatial and temporal evolution of mantle plume
planforms. Preliminary results corroborate that the presence or absence of radial miscible fingering due to
the Saffman-Taylor instability is controlled by changes in mobility ratio, Péclet number and horizontal layer
thickness. Observed values from the Icelandic plume suggest the fluid dynamics may be more complex
than the Saffman-Taylor instability alone. Additional processes, such as interaction with the base of
the lithospheric plate, influence of temperature or small-scale convection, along with the Saffman-Taylor
instabillity, may be the origin of the fingers.
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Three dimensional (3D) mapping using a newly developed unmanned
aerial vehicle (UAV) tool and an inversion method in the Chernobyl
Exclusion Zone (CEZ) for the improved determination of the spatial

distribution of radioactive materials

S. Goren, D. Megson-Smith, D. Connor, P. Martin, K. Wood, Y. Verbelen and T. B. Scott
National Centre for Nuclear Robotics, University of Bristol,BS1 3NX

The global population has been expected to reach around 8 billion people according to the World Bank
records in 2011. This will increase the total energy demands all over the world. Building up the nuclear
power plant is a potential solution for authorities but still includes significant contradistinction, related to
severe nuclear hazards such as Chernobyl Nuclear Bolshoy Moshchnosti Kanalnyy Reactor (CNPP) in 1986
and the Fukushima Daichii Nuclear Power Plant (FDNPP) in 2011. The accidents at CNPP and FDNPP
released a considerable quantity of radiological contamination into the environment and its impact was
felt globally. In retrospect, the response to the CNPP and FDNPP events would have been much quicker
and better informed if radiation mapping technologies were more advanced and available; especially UAVs.
With this aim, the National Centre of Nuclear Robotics (NCNR) has developed a novel UAV (fixed-wing)
system and an inversion method (Algebraic reconstruction method-ART) to find the location of radioactive
contamination on the ground with high-quality resolution. The data collection was done in the Chernobyl
Exclusion Zone (CEZ) during April 2019. The radiometric data were measured in total counts per second
both by the new UAVs (fixed-wing and multirotor system) and by hand. Geographical data, collected by
DJI Mavic 2 Pro, was used to define the location of each measurement within the CEZ. The new iterative
algorithm, based on the 3D digital elevation model derived from Agisoft Metashape software, was written
by MATLAB language and will be prepared a GUI interface for the next real-time measurements. Firstly,
the UAVs data and then combined (UAVs andhand-held) data sources were evaluated by using ART.
Finally, our inversion algorithm applied for the combined data gave a more accurate estimation of the
location of contaminant sources on the ground.
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Spatiotemporal Volcano Deformation Patterns in a 3D
Temperature-Dependent Viscoelastic Regime
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Numerous volcanic systems across the world are actively undergoing unrest, which may result in non-
eruptive episodes of inflation and deflation. Whilst episodes of ground deformation are readily identifiable
within geodetic timeseries (e.g. GPS, InSAR), the underlying processes facilitating the deformation are
more enigmatic. By modelling these observed ground deformation signals, the ultimate aim is to infer
characteristics of the deforming reservoir; namely the size and time-dependent evolution of the system
and, potentially, the fluxes of magma involved. Traditionally, these parameters are estimated using simple
elastic models. However, inelastic rheological effects are increasingly utilised to account for the elevated
crustal temperatures and thermal regimes typically induced by long-lived magmatic systems, where a
component of viscous behaviour is more likely to characterise the observed deformation field.
Here, our investigations are concentrated on the Taupo Volcanic Zone in New Zealand, a region domi-
nated by a significant thermal regime; the product of an extensive, rifting-induced magmatic plumbing
system. We have constructed 3D thermomechanical models of Lake Taupo, the site of several catastrophic
eruptions in recent geological history, that contain spatially-variable crustal properties and a temperature-
dependent viscosity distribution through the integration of topographic and tomographic data, and thermal
constraints. With ground deformation studies incorporating viscoelastic regimes becoming more common-
place, we present comparisons of the Maxwell and Standard Linear Solid viscoelastic configurations under
two contrasting deformation mechanisms; a pressure condition (stress-based) and a volume change (strain-
based). We investigate the impact of a heterogeneous viscosity distribution on the resultant spatiotemporal
deformation patterns for each rheology and deformation mechanism, relative to a purely elastic setup, and
we also include the comparison of deformation timeseries, relating to different temporal reservoir evolu-
tions, in our analysis. Preliminary results suggest that low viscosity zones (<1017 Pa s) in the vicinity of
the modelled magma reservoir can result in partitioning of the deformation field, producing unexpected
deformation patterns.
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Growth of the Great Escarpments: a global perspective

Megan Holdt, Simon Stephenson and Nicky White
University of Cambridge

Escarpments are prominent features of many rifted margins. They are often situated “intra-plate” lo-
cations and are therefore isolated from plate margin tectonics. As their formation is independent of
collisional tectonics, the timing and mechanism of their formation remains debated in the literature. Pro-
posed mechanisms for their formation include thermal support, such as from small scale convection and
magmatic underplating, isostatically driven uplift and mechanical unloading. These mechanisms suggest
that escarpments form as a result of the rifting process. However, a recent dynamic topography model by
Hoggard et al.(2016) suggests that escarpments coincide with positive present-day dynamic topography
anomalies, suggesting that escarpment formation may be relatively young. The principal objective of our
research is to determine the timing and mechanism of escarpment formation. A global database of ‘Great
Escarpments’ has been compiled in order to determine the influence of present-day dynamic topography
on their elevation and morphology. To further investigate the role of dynamic topography on escarpment
formation, we use apatite fission track analysis to provide a quantitative constraint on the timing and
rate of escarpment exhumation. Our results show that several escarpments feature recent Neogene uplift,
suggesting that dynamic topography has played a significant role in their formation.
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Insights into the spectra of earthquakes induced by hydraulic
-fracturing

Adam Klinger, Max Werner and James Verdon
University of Bristol

Hydraulic fracturing creates new fractures in low permeability reservoirs by pumping high pressure fluids
into the surrounding rock. This enables enhanced gas extraction but increases the risk of microseismicity
(Mw <2 earthquakes), which is of concern to local residents and the operators. Although we have a
relatively good understanding of why induced microseismicity can occur, the physics at the source is still
debated. For example: Does the expected self-similar scaling of fault length with moment magnitude hold
as seen in most tectonic datasets? Are source parameters independent of the proximity to the sleaves?
To investigate these questions we can invert the far-field seismic spectrum for source parameters (corner
frequency, attenuation and low frequency plateau) using the Brune model (1970), a widely used model
for the far-field radiation that assumes circular crack growth.
We use a vast (90,000 + events) microseismic (-3 <Mw <0.5) dataset which is recorded by 15 Hz borehole
geophones during hydraulic-fracturing operations in the Horn River Basin, British Columbia. 150 events (-
0.9 <Mw <0.5) show spectra with reasonable signal-to-noise ratio for determination of source parameters.
We remove the instrument response and rotate the traces into the rayframe of the dominant phase arrivals
(P, SH and SV) by using principal component analysis to determine the azimuth and inclination of the P
and S wavefields relative to the receiver. Then we window around the phase arrivals using a time window
of 0.07 - 0.1 seconds and attain seismic spectra by performing a multi-taper transform. The analysis of
the seismic spectra reveals that:

• Corner frequencies are generally between ∼70-150 Hz.

• Self-similarity (as expressed by the scaling of the corner frequency with moment) is not observed,
but this is likely to be an artefact of frequency-dependent attenuation rather than a result of the
source because of the strong attenuation of high frequencies of lower magnitude.

• We observe strong parameter trade-off between fc and Q estimated by fitting a Brune (omega
squared) model to the observed spectra.

We plan to further investigate the role of attenuation by determining a value for Q and Kappa (an
additional high frequency attenuation term), which is determined from the amplitude decay of ambient
noise with frequency. Our work highlights the challenges of source parameter determination for small
induced seismic events.
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High-frequency Sdiff Observation on Hawaii ULVZ

Zhi Li, Sanne Cottaar
University of Cambridge

The main arrival and post-cursor of shear waves diffracted (Sdiff) along the Core-Mantle Boundary (CMB)
have been used to constrain the seismic nature of ULVZ that sits at the base of the lower mantle. Most
of previous diffraction waveform studies exploited the data of which the frequency is above 10s. For the
first time, we have directly observed the Sdiff post-cursor at a much higher frequency up to 3s. The
result of slowness and backazimuth given by beamforming further confirms the observation. The observed
post-cursor shows a more extreme travertine delay but a similar incoming backazimuth comparing to that
in low-frequency data. The observation has given us an opportunity to probe the the geometric shape and
seismic contrast in a finer length scale. The properties at the base of Hawaii ULVZ might provide more
clues on the origin and formation of ULVZ.
Southeast Asia features some of the most complicated tectonic processes and is home to some of the
world’s most active plate boundaries. Borneo is located at the center of this region, on the leading edge
of the Sundaland block of the Eurasian Plate, exhibiting lower rates of seismicity when compared to the
broader region around the island. Sulawesi on the other hand is characterized by a high level of seismicity
as it is situated on a triple junction between Australia, Philippine and Eurasian plates. Both island are
surrounded by active tectonic processes, such as subduction of Celebs Sea beneath Sulawesi and the
Palu-Koro sinistral strike-slip fault that runs from northern Makassar Straits to Bone Bay in south central
Sulawesi.
The aim of this project is to use receiver function methods to obtain reliable estimates of the lithospheric
structure, including crustal thickness estimate beneath Borneo and Sulawesi. The combination of this new
information with insight from earthquake mechanisms will allow use to shed new light in the structures
and tectonic evolution of the region. One major objective is to determine whether a major difference in
lithospheric structure between Borneo and Sulawesi exists, as it was hypothesized that first interaction
between SE Asia (Sundaland block) and Australia occurred between Kalimantan and parts of Sulawesi
during the Neogene.
Seismic data are sourced from three publicly available station in northern coast of Borneo, along with two
years of continuous data from the nBOSS network, which consist of 46 stations. This will be complemented
with data from more than 40 seismic stations located across the rest of Borneo and Sulawesi. In the first
stage of this project, we have obtained preliminary results from receiver function analysis indicating crustal
thicknesses beneath the three publicly available seismic stations located along the northern coast of Borneo.
Current work now focuses on exploring the robustness of these crustal thickness estimation by applying
the Neighbourhood Algorithm inversion to obtain 1-D shear wave velocity structures. Here we present the
initial results of this project.
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The Development of Lithospheric Shear-Strain Anisotropy and
Mantle Flow in the Eastern Mediterranean: Evidence from Shear
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Seismic anisotropy measured by SKS shear-wave splitting analysis is often of ambiguous origin, and may
be caused by strain fabrics in the lithosphere (due to active or past tectonics) or asthenosphere (produced
by mantle convection or drag from plate motion). The tectonically and geodynamically complex eastern
Mediterranean is an excellent study locale to explore these issues: in the span of a few hundred kilometres,
major transform fault zones, subduction, collision and extension overlie a zone of putative slab break-off
and lithospheric delamination. Shear-wave splitting can help investigate these processes, but a fine-scale
investigation with good back-azimuthal coverage is needed. We present an SKS shear-wave splitting
study of seismic anisotropy in the eastern Mediterranean using seismograms recorded by more than 400
stations between 1991 and 2019. Seismic anisotropy is complex and spatially variable, indicating a greater
lithospheric contribution than previously suggested. Around parts of the North Anatolian Fault, the fast
polarisation direction (φ) changes dramatically over short length scales (≤ 60◦ in 20 km), constituting
compelling evidence for lithospheric anisotropy. φ does not generally parallel the fault, as in other transform
fault systems, but shows more similarity to GPS-derived axes of maximum extensional surface strain rate.
Conversely, φ is fault-parallel in the Dead Sea Transform Zone, and the split delay time is variable near the
fault, suggesting a lithospheric contribution, though northward asthenospheric flow cannot be ruled out
as the dominant source of anisotropy. In central and southern Anatolia, where the lithosphere is relatively
thin, splitting is probably caused by flow-induced asthenospheric anisotropy, and a complex flow regime
interacting with the subducting slabs may be inferred. In many areas of Anatolia, splitting parameters
are variable with back-azimuth, possibly indicating multiple anisotropic layers. The results bring new
understanding to the development of seismic anisotropy at transform plate boundaries and imply that
caution is needed in inferring asthenospheric flow patterns from shear wave splitting results in the eastern
Mediterranean.
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Impacts as a Recording Mechanism for Solar Nebular Fields
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Primitive chondritic meteorites originated from some of the oldest bodies in the solar system, forming
within the first 5 million years. Such meteorites are a consolidated mixture of sub-millimetre chondrules
embedded within a fine matrix. The chondrules and matrix are often found to retain magnetisations that
were recorded near the time of chondritic meteorites formation, but the origin of the magnetising field
is unknown. The questions to be addressed are: (1) what processes may have led to these magnetic
recordings, (2) what evidence is there for these mechanisms, (3) what magnetic fields were recorded, and
(4) what do these magnetic recordings tell us about Solar System formation? One possible mechanism
that is discussed is impact generated heating that can lead to the recording of thermoremanences. The
precursor material to the parent bodies of chondritic meteorites is thought to have been highly porous
Bland et al. (2014). If a material is porous (> 50% porosity), low velocity impacts (< 2km/s) are thought
to be capable of causing significant heating (> 600 K), without leaving macroscopic shock textures. This
mechanism has been developed theoretically and tested numerically Davison et al. (2016), but never phys-
ically tested in the laboratory. It is the aim of my PhD thesis to try to experimentally test this theory. In
an effort to determine the temperatures and pressures experienced by the synthetic meteorite sample, the
experiment has been thoroughly examined using the shock-physics hydrocode iSALE Collins et al. (2004).
Here, I present the findings of the simulation data, experimental design and plan for future work.

Figure 1: Single-stage light-gas gun at the University of Oxford. The apparatus uses a
25mm diameter aluminium flyer plate to impact targets within the chamber at speeds of up
to ∼ 1.5km/s.
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Global receiver function observations of the X-discontinuity beneath
hotspots

Stephen Pugh, Sanne Cottaar, Jennifer Jenkins, Alistair Boyce
University of Cambridge

Intermittent global observations of the X-discontinuity (∼300 km depth) across a variety of geodynamic
settings have led to numerous mechanisms explaining its presence. The relatively large fresnel zones of
the bottom-reflecting precursor seismic phases used to image this discontinuity so far mean little is known
of its fine-scale topography and sharpness. High spatial-resolution observations of the X-discontinuity in
regions of mantle upwellings will help to better understand its cause and the origin of lateral heterogeneity
in the upper mantle. Because such discontinuities result in seismically observable impedance contrasts,
we can probe this structure using P wave receiver functions.
Receiver functions are computed for hotspots across the world using P to S converted teleseismic phases
recorded between 1991 and 2018. Stacking of coherent phases at single stations, or across arrays where
possible, reveals discontinuities from ∼250-700 km depth. Constraining the slowness of the incoming
phases allows us to distinguish true arrivals from multiples. Robust observations of the X-discontinuity
occur at several hotspots in the South Pacific and around Africa with relative amplitudes of∼1/2 compared
to the 410. We further explore the amplitude dependence of these observations as a function of frequency.
Occurrence of the X-discontinuity may be caused by a silica phase transition from coesite to stishovite in
recycled non-equilibrated basalt ponding above the 410 (as previously suggested for the Hawaiian plume
(Ballmer et al., 2013)). X-discontinuity observations across numerous hotspots imply that entrainment of
lower mantle chemical heterogeneity in mantle upwellings may be pervasive across the world.
Type down your paper title
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Dynamic Topography of Borborema Province and Surrounding
Regions of Brazil

Patricia Santana and Nicky White
University of Cambridge

The Borborema Province is a Precambrian domain located in the northeastern corner of the Brazilian
Shield, limited to the south by the São Francisco Craton, to the west by the Parnaiba Basin, and to the
north and east by the coastal rift sedimentary basins. It has experienced a complex tectonic evolution that
involved orogenic cycles during Precambrian times and extension and continental break-up during Mesozoic
times. It also underwent Late Cretaceous and Cenozoic epeirogenic uplift, contemporaneous with volcan-
ism. The Borborema Plateau has 1200 m of maximum elevation and has Cenozoic sedimentary rocks of
Serra dos Martins on top of high-altitude mesas. Cenozoic uplift is also manifest by emergent Holocene
marine terraces along the coast and exposed elevated Late Cretaceous limestones of the Santana Group in
the Araripe Plateau. The Borborema Plateau is potentially an area experiencing dynamic support. There
is a long-wavelength (> 700 km) positive free-air gravity anomaly over Borborema Province and results
from admittance analysis of topography and gravity field suggests that a degree of sub-crustal support
is required for the Borborema Plateau. Recent studies also have mapped positive dynamic topography
along old oceanic crust adjacent to the continental shelf of the region. It is probable that this pattern of
regional uplift and subsidence also affects the geology and geomorphology of the Brazilian coastline and
interior. This project takes a multi-disciplinary approach in analysing the causal relationships between sur-
face topography, crustal thickness and inferred uplift in the Borborema Province. For estimating on-shore
residual topography for Boborema Province and adjacent regions, crustal thickness and density were anal-
ysed using a combination of legacy active and passive source seismic experiments. As a preliminary result,
residual topography calculation indicates that Borborema Province is likely to be dynamically supported.
The results yield a positive residual topography for the entire region, which is also consistent in amplitude
and sign with other dynamic support evidence, including off-shore residual topography measurements.
Nevertheless, the ultimate aim of this research is to develop a quantitative understanding of the spatial
and temporal evolution in Borborema Plateau and similar domes. To reach this goal the next stages of the
project will cover a broad spectrum of analyses involving exhumed sedimentary basins that transect the
Borborema Province, geochemistry of magmatic events, fluvial drainage networks and emergent marine
deposits and terraces along the coastline.
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Inferring magma reservoir properties using Mogi and Finite Element
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Magma movements are almost universally associated with volcanic deformation. Volcano models provide
the link between these deformation observations and behaviour within the inaccessible magmatic plumbing
system. The Mogi model (Mogi, 1958) is one of the earliest volcano models. This simple analytical model
has been successfully applied to volcanoes worldwide to infer the radius, depth and overpressure of the
magma reservoir causing the observed deformation. The Mogi model assumes that the magma reservoir
is at a depth much greater than its radius, such that radius/depth, ε,� 1. The maximum value of ε at
which the Mogi model can be applied is often assumed to be ≈ 0.2 (e.g., Lisowski, 2007), but this value
has not been validated. Here we test the accuracy of the Mogi model for predicting deformation patterns
(forward modelling), and for inferring magma reservoir properties (inverse modelling), whilst varying ε

by changing the radius and depth of the magma reservoir. We compare these analytical results to those
obtained using Finite Element (FE) models.

We find that the Mogi model can be applied to deformation sources with a wider range of ε than previously
assumed. The Mogi model can be used to accurately calculate (within 5% of the equivalent FE model)
maximum radial and vertical deformations due to a pressurised spherical source when ε/ 0.3. Both Mogi
and FE model deformation profiles narrow when ε increases with decreased source depth. However, only
the FE model deformation profile narrows when ε increases with source radius. When synthetic deforma-
tion data are inverted, the Mogi model can be used to infer source radius and depth to within 5% of the
FE model results when ε/ 0.45. These results are of particular benefit for interpreting satellite-collected
deformation measurements from remote volcanoes, where the ground-collected data required to calibrate
FE models cannot be obtained.
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Determining the Sharpness and Structure of the African LLVP
Boundaries by Measuring the Wavefield Effects of Multipathing

Jamie Ward, Andy Nowacki and Sebastian Rost
University of Leeds

Since being detected, Large Low Velocity Provinces (LLVPs) have remained enigmatic features of the
lowermost mantle. They are continent-sized, low-velocity features at the base of the mantle beneath
Africa and the Pacific with uncertainties around their composition and origin still remaining. LLVPs are
hypothesised to influence whole mantle dynamics and our understanding of the Earth’s evolution, but
current observations are not enough to determine their key properties. Mantle velocity models have
given broad observations of the location, morphology and relative velocity reduction to the surrounding
mantle and regional body wave studies have uncovered information about the location and sharpness of
the boundaries using travel time anomalies and identifying ’multipathing’. Multipathing occurs when a
wavefront is incident on a sufficiently sharp change in velocity. This velocity gradient causes different
parts of the wavefront to move at different speeds and diffract around the boundary or refract through
the structure, therefore arriving at different times from different directions. Most regional body wave
studies only analyse the waveform which, while identifying multipathing from its different arrival times,
doesn’t utilise its other properties such as the direction and inclination of the arrivals. Analysing these
other properties will allow new observations to be made and improve our understanding of LLVPs.
We present work using array seismology to measure the direction and incidence angle of the potentially
multiple arrivals and identify multipathing. We conduct our analysis at different frequencies to infer the
sharpness of the boundaries sampled. This information can be used to identify regions of refraction,
diffraction and multipathing. The measurements of the multipathed arrivals give information about the
orientation of the boundary that caused them and, when combined with 3D analysis of the paths they
take, suggest multipathing is occurring a multiple depths. We observe multipathing in approximately 15
% of our observations and spatial analysis of where multipathing occurs and at what frequencies implies
the sharpness of the boundary varies.
Finite frequency forward modelling with perturbed published velocity models is used to constrain the
conditions required to produce multipathing. We find upper mantle velocity variations can reduce the
detectability of multipathing, but the multipathing is occurring in the lower mantle. Initial observations
suggest a velocity gradient of 0.7 δV s(%)/◦ present to 1400 km depth is required to produce our observed
multipathing.
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Towards 3-D seismic structure of the crust and upper mantle beneath
Southeast Asia from adjoint waveform tomography

Deborah Wehner, Nienke Blom, Nicholas Rawlinson
University of Cambridge

Seismic tomography has arguably been the primary imaging technique for investigating the Earth’s interior
over the past several decades. Recent computational advances have resulted in the development of efficient
and accurate 3-D wave propagation solvers which are crucial for extracting more and more information
from seismograms. The application of these methodological developments to a variety of case studies is
required to test their feasibility.
The aim of this project is to use adjoint waveform tomography (often referred to as full- waveform
inversion) to constrain a large-scale 3D seismic structural model of the crust and upper mantle beneath
Southeast Asia. Southeast Asia is one of the world’s most tectonically active regions as evidenced by
frequent large earthquakes and volcanic eruptions which represent a significant natural hazard. Waveform
tomography is especially suitable for imaging such tectonically active parts of the Earth where large
contrasts in elastic properties are likely to be present. By simulating the full 3-D wavefield, this method
incorporates more accurate physics, combines body and surface waves and can fully account for anisotropy
and anelasticity.
To date, sparse instrument coverage in the region has led to a heterogeneous path coverage. Access to
over 200 restricted stations promises a significant increase in data coverage around Borneo, Java and
Sulawesi, thereby providing new opportunities to untangle the region’s complexity. In a first step towards
tomography, we generate a catalog of well-constrained earthquakes, optimising for coverage, signal-to-
noise ratio and data availability on a wide frequency band, and compare our observed data to synthetics
generated from an initial model. Here, we focus on developing an initial model from which realistic
synthetic seismograms can be computed and which is sufficiently close to the true model. This is of
crucial importance due to the assumption of a weakly non-linear inverse problem that is inherent to the
gradient-based method. Initial results from this project will be documented in this presentation.
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Fibre-optic Distributed Acoustic Sensing (DAS) is a new alternative technology that has been rapidly
developing for both passive and active seismic monitoring. DAS systems produce unique, very large volume
datasets, terabytes per day, which can be technically difficult to handle and a challenge to accurately pick
P- and S-phase arrivals from amongst dense spatial and temporal sampling. Traditional manual approaches
are not viable on such sizeable data volumes and hence automated solutions must be developed for efficient
analysis of DAS data. Here we test how conventional filtering and picking methods from geophone
seismology can be adapted, combined and applied to a DAS microseismic dataset in order to determine
how to best automatically process and pick the characteristics of DAS recorded microseismic events.
These approaches are tested on field data containing events from a single hydraulic fracture stage recorded
by Silixa Ltd. iDAS system. Events are recorded on a horizontal cable of 3081 traces at 1m spacing and
1000Hz. 302 events are automatically detected and windowed, of which over 190 were of suitable quality
for further investigation. We manually picked the events at 20m spacing to provide baseline results and use
these picks to approximate a velocity model and then locate the events. We then test a variety of filtering
(median, Weiner, bandpass and f-k) and automated picking methodologies including standard STA/LTA,
a guided STA/LTA. We also test a migration algorithm which removes the need for any direct picking,
instead using time-shifting and semblance-stacking for putative locations. The combined approaches that
we have developed have produced equivalent results to manual picking but are significantly faster while
including much higher density of traces.
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