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Abstract

The work presented in this thesis aims to enhance our knowledge of Earth structure and composi-
tion beneath Greenland and the surrounding region. Improving Earth structure and composition
constraints are important to understand and separate the evolution of ice sheet change and solid
Earth response signals. In addition, it provides valuable information about the tectonic evolution
and mantle dynamics of this region.

We generated a new, regional, high-resolution Rayleigh wave phase velocity model for Green-
land and the surrounding region using the teleseismic two-station interferometry technique. The
new phase velocity map improved the constraints on the velocity structure of the crust and the
shallow upper mantle. The azimuthal anisotropy analysis also provided valuable insight into the
geologic evolution and lattice-preferred orientation (LPO)/mantle flow. Significant heterogene-
ity was observed in our results, and we found a strong correlation between inferred geological
features and isotropic and anisotropic velocities.

While the thermal properties are usually inferred only from seismic data, we constrained the
thermochemical properties of the shallow upper mantle beneath Greenland and surrounding re-
gions via multiple geophysical data sets. We adopted the LitMod software, which applies the
Bayesian probabilistic approach to invert for the radial thermochemical structure of the litho-
sphere and shallow mantle. We combined the inferred seismic data with other geophysical data
sets to perform a joint inversion for temperature and composition, from which properties such as
viscosity can be determined. Our results indicate large LAB-depth variations across Greenland,
reflecting multiple geologic structures and thermal processes. Our LAB-depth result supports
the W-E passage of the Iceland hotspot with the inferred thin lithosphere in the mid-section of
Greenland.

We examined the impact of lateral variations in Earth viscosity on the GIA model fits to pa-
leo RSL and VLM data. We used the inferred regional temperature models to generate structures
of the lithosphere and upper mantle in Greenland. We used a machine learning technique to
emulate the 3D GIA models to examine a wide range of parameter sets (UMV-LMV-LT). We
generated 50 Earth model realizations from inferred temperature profiles to quantify the uncer-
tainty corresponding to the Earth viscosity structure. Our 3D model indicates the significant
influence of laterally variable viscosity on RSL and VLM predictions compared to 1D model re-
sults. Overall, the 3D model fits the paleo RSL and contemporary VLM rates data better than the
1D model. Incorporating recent and short-term changes in ice loading with the Huy3 deglacial
model improved the VLM data-model fit greatly. Uncertainty in modelled RSL and VLM rates
data originating from the Earth viscosity structures was significant and could accommodate the
residuals at many sites.
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Chapter 1

Introduction

1.1 Overview

Global sea-level change is one of the climate warming effects that has had and will have signifi-
cant socio-economic impacts (Dodman et al., 2022). Global sea levels change due to many geo-
physical and climatological processes with different spatial and temporal scales (Portner et al.,
2022). In most areas, the contributions from ocean warming and land ice melting will be domi-
nant (Constable et al., 2022). Among all the ice reservoirs on the Earth, the two major ice sheets
(Antarctica and Greenland) will dominate the land ice contribution over the coming decades
(Portner et al., 2022) and so projections of future sea-level rise depend strongly on the contribu-
tion of the Greenland ice sheet (GrIS) (Pattyn et al., 2018; Hanna et al., 2020). Mass loss of the
GrIS increased by 0.65-0.73 mm/yr of mean sea-level rise equivalent between 2000-2012 (IM-
BIE, 2019; Pattyn et al., 2018). This acceleration in mass loss is expected to continue through
the 21st century.

Projections of GrIS mass loss are limited in accuracy due to the incomplete knowledge of pro-
cesses and properties that influence the mass balance of the ice sheet. For example, projections
strongly depend on the accuracy of the models applied which are dependent on several factors
such as the boundary conditions, parameter values, and ensuring that the governing processes
are suitably captured. For the GrIS, the most important boundary conditions are those associ-
ated with the upper surface (i.e., the atmospheric/climate forcing). However, the lower surface is
also important as a source of heat flux that influences the basal conditions (e.g., whether the ice is
frozen or grounded to the bed) and the rate and amplitude of the isostatic response, which impacts
surface mass balance and can influence ice sheet dynamics (Zeitz et al., 2022). The PhD project
presented here contributes to enhancing knowledge about solid Earth properties in the Greenland
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region, which will result in more accurate simulations of the solid Earth - ice boundary (i.e., the
isostatic response) and its influence on ice sheet evolution.

The GrIS underwent a major evolution during the recent glacial to interglacial transition (ap-
proximately 20-10 kyr before present, Funder and Hansen 1996). During this transition, the ice
sheet lost around 40% of its volume, resulting in land/sea floor uplift in areas that experienced ice
retreat or thinning (Lecavalier et al., 2014). This ‘rebound’ process, formally termed glacial iso-
static adjustment (GIA), continues to this day and has implications for interpreting geodetic ob-
servations to constrain contemporary ice mass loss — an important ‘initial condition’ for making
accurate future projections of GrlS mass changes. Data such as gravimetry, vertical land motion
(VLM) determined using satellite positioning systems, and radar altimetry have frequently been
used to determine contemporary ice mass loss, and a ’correction’ must be applied to remove the
signal associated with ongoing isostatic changes (Shepherd et al., 2012; Wouters et al., 2013).
In particular, the gravimetry and VLM observations contain a large signal associated with past
loading changes and so provide information on both past ice evolution and contemporary change.
Accurate interpretation of these observations thus requires separation of these two signals, which
is difficult due to uncertainty in both the past ice sheet evolution and properties of the solid Earth
that govern the isostatic response. Therefore, by placing improved constraints on the structure
of the solid Earth, the results of this thesis will provide information that is relevant to separating
these two signals.

GIA-type studies have provided useful information on how the ice sheet has responded to past
climate changes over millennial timescales (Tarasov and Peltier, 2004; Lecavalier et al., 2014).
GIA model simulations output Earth deformation, gravity, and relative sea level (RSL) by using
a global ice loading history and model of solid Earth structure (Farrell and Clark, 1976; Milne
and Mitrovica, 1998, see Sec. 1.5). As noted above, one critical data set that provides constraints
on past ice-sheet changes is ground positioning system (GPS)-based estimates of contemporary
ground motion. Another key data set used to constrain GIA models is geological records of
postglacial RSL, which provides a record of the GIA response immediately after ice retreat in
coastal areas (Engelhart, 2009; Milne and Shennan, 2013). Predictions from GIA models tuned
to fit the GPS constraints are very different from those adjusted to fit the RSL data (Khan et al.,
2016; Milne et al., 2018). This difference is a problem that motivates current research into
Greenland GIA, including the research presented in this thesis. Possible hypotheses to explain
this dilemma include a transient signal in the isostatic response (Adhikari et al., 2021; Paxman
et al., 2023) and lateral variations in Earth structure (rheology); testing the latter hypothesis is a
primary motivation of this thesis.

Accurate and improved knowledge of Earth structure and composition beneath Greenland and
the surrounding region is important not only for understanding how the ice-sheet has responded
to past climate change and our ability to accurately predict its future evolution (Shepherd et al.,
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2012; Wouters et al., 2013), but also because it provides valuable information about the tectonic
history of this region (Artemieva, 2019; Darbyshire, 2003; Darbyshire et al., 2017; Pourpoint
et al., 2018b; Schaeffer and Lebedev, 2014; Schiffer et al., 2022; Toyokuni et al., 2020) and
mantle dynamics (e.g., Afonso et al., 2019; Lebedev et al., 2018; Schaeffer et al., 2016; Steffen
et al., 2018). Other than at a small selection of deep ice core sites, the thick interior ice (~3 km
at center) prevents direct access to the solid Earth surface except for ice-free areas around the
periphery of Greenland. Therefore, for most of the Greenland region, solid Earth properties are
inferred from indirect methods (e.g., Bamber et al., 2001; Brooks, 2011; Dawes, 2009; van Gool
et al., 2002) or geophysical modelling (e.g., Artemieva, 2019; Darbyshire et al., 2017; Mordret,
2018; Pourpoint et al., 2018b; Rogozhina et al., 2016; Steffen et al., 2017, 2018).

The key Earth model parameters for understanding GIA and ice sheet evolution are viscosity
and density structure (Whitehouse et al., 2012), which are governed by temperature, pressure
and compositional variations. A number of studies have inferred 1D (depth-dependent) viscosity
structure beneath Greenland using forward modelling approaches (e.g., Lecavalier et al., 2014).
However, this approach provides a crude estimate of the 1D viscosity structure due to low depth
resolving power and the assumption that lateral variations are of second order. Constraining
more realistic 3D Earth structure requires greater observational control. An alternative approach,
known as inverse modelling, can also give an estimate of Earth structure (e.g., density, tempera-
ture, lithosphere thickness) based on different types of geophysical observations such as gravity,
topography, heat flow, seismic tomography (e.g., Darbyshire et al., 2017; Lebedev et al., 2018;
Martos et al., 2018; Mordret, 2018; Rogozhina et al., 2016; Steffen et al., 2018; Steinberger et al.,
2019). The traditional inversion method generally considers one type of data to infer model pa-
rameters relating to Earth structure. A growing number of studies are considering multiple data
types within a probabilistic framework (Afonso et al., 2013a,b; Fullea et al., 2009). In these
so-called “joint inversion” methods, the Earth structure parameters and their corresponding un-
certainties are estimated using the combination various geophysical and geochemical data types
with complementary sensitivities (Afonso et al., 2016, 2019, 2022; Tork Qashgqai et al., 2016,
2018; Shan et al., 2014; Yang et al., 2021). The results of these inversions are often heavily
dependent on the input seismic data set. Therefore, producing high-quality results requires an
accurate regional, high-resolution seismic data set to more accurately constrain Earth structure.

1.2 Thesis Aims and OQutline

My thesis research aims to determine an improved estimate of 3D Earth properties in the Green-
land region for the purpose of better fitting RSL and VLM data, improving boundary conditions
for coupled ice-sheet-solid Earth simulations, and enhancing our knowledge of the tectonic his-



tory and mantle dynamics of the region. To achieve these aims, I took a series of steps, which
are detailed in the following chapters. These steps are linked together in a way that the output
of each step (chapter) is used as an input to the next step (chapter). I generated a new regional
high-resolution seismic data set, incorporated this alongside other available geophysical data into
a joint inversion framework to improve constraints and estimation of Earth properties, and, as a
final contribution, utilized the inferred Earth properties to model GIA-related RSL and VLM to
investigate the aims mentioned above.

In Chapter 2, a new, regional, high-resolution Rayleigh wave phase velocity model is gener-
ated for the Greenland and surrounding region. The motivation for this aim is to provide regional,
high-resolution phase velocity dispersion curves (PVDCs) to constrain the velocity structure of
the crust and the shallow upper mantle. A new Rayleigh wave phase velocity model is inferred
from 48 permanent seismograph stations with seismic records spanning over two decades in
Greenland (on/offshore), northeastern Canada, and western Europe to produce Earth structure
constraints. More than 454 phase velocity dispersion curves were generated using the two-station
interferometry technique (Sec. 1.3.3). The PVDCs were inverted for phase velocity maps in 25-
185 s periods over a 1°x1° grid. Another product of this seismic analysis is the estimation of
azimuthal anisotropy that provides valuable insight into geologic evolution (shorter periods) and
lattice preferred orientation (LPO)/mantle flow (longer periods). The inferred PVDCs used in
the joint inversion are the most important dataset to constrain the thermochemical structure of
the crust and shallow mantle because of the high sensitivity of these data to this structure and the
improved spatial resolution compared to other data sets.

In Chapter 3, the main aim is to infer the thermal structure of the upper mantle (to ~400
km depth). The regional, high-resolution surface wave data is combined with various other data
sets to perform a joint inversion for temperature and composition, from which properties such as
viscosity can be determined. Specifically, the LitMod software (Afonso et al., 2013a,b), which
applies the Bayesian probabilistic approach, is used to invert for radial thermochemical structure
of the lithosphere and shallow mantle. In short, we define ~500 grid points (or columns) over
Greenland, Baffin Bay, and northeastern Canada, in which we solve for radial thermochemical
properties by performing 300,000 simulations (forward modelling). On average, 25-30 % of
these simulations are accepted to form the posterior probability distribution functions (PDFs) for
different Earth properties (such as temperature). Among LitMod’s many outputs, we use only
mantle temperature for our GIA analysis. The other results, including crustal or compositional
properties, could be used for a variety of purposes, such as investigating the geological evolution
of the crust.

In Chapter 4, the main aim is to calculate RSL and VLM using the new 3D temperature
model developed in Chapter 3 to determine if considering lateral variations in Earth viscosity
structure can provide improved fits to these data sets (and fit both simultaneously). The temper-
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ature model was used to determine a regional 3D viscosity model to depths of 400 km. Since
accurate GIA simulations require solution of the sea-level equation (Sec 1.5.1), a global model
of mantle viscosity is required. Therefore, we incorporated the regional Greenland viscosity and
lithospheric thickness model into a global model. To efficiently search the parameter space of
the global viscosity model (different upper/lower mantle viscosity and lithospheric thickness),
we applied a recently developed machine learning technique to emulate the 3D GIA simulation
(Love et al., 2024). To quantify uncertainty in GIA model output originating from the 3D Earth
models, a sub-ensemble of inferred temperature profiles from Chapter 3 was adopted. We picked
25 temperature profiles for each grid node such that the mean and variance were representative
of the full ensemble for that node. With these 25 temperature profiles, 50 Earth viscosity mod-
els were generated using two different values to scale temperature to viscosity. These viscosity
models were used with a small set of ice loading models to generate model output of RSL and
VLM and the corresponding uncertainty.

1.3 Seismic wave tomography

Seismic tomography is a technique used to create three-dimensional models of the Earth’s inte-
rior velocity structure. The resulting velocity models have many applications in various fields,
such as earthquake studies (e.g., source location, fault modelling), oil and gas exploration, and
understanding the Earth’s internal structure, dynamics, and evolution. Seismic waves propagate
through the Earth’s interior at different depths and are generated by earthquakes, explosions, or
controlled sources. The arrival times are measured, and the paths of seismic waves are inferred
from various receivers (seismometers) around the Earth’s surface. The concept of seismic to-
mography is based on the fact that seismic waves travel at different speeds through different
materials, which enables scientists to infer the properties of the materials through which the
waves have passed.

The seismic energy received at seismometers is a combination of body and surface waves.
Body waves, which are classed into primary (P) and secondary (S), travel through the Earth’s
interior. In contrast, surface waves, which are classed into Rayleigh and Love waves, travel near
Earth’s surface. P waves propagate by causing the host material to move back and forth in a
direction aligned with wave propagation (1.1-A). In contrast, S waves propagate by causing the
host material to move perpendicular to the direction of wave propagation (Fig. 1.1-B). P and
S waves travel at different velocities due to the way each wave type deforms the material it is
propagating through. Based on Eq. 1.1, the velocity of P waves (Vp) depends on density (p), bulk
modulus (x), and shear modulus (), while S wave velocity (Vs) depends only on the density and
shear modulus. Therefore, since the bulk and shear moduli are both positive, Vp is faster than Vs.



A)

C)

T
T
IRRRRRRARI

RN

LT
T
T

RENAN

Figure 1.1: Displacement caused by A) P waves, B) S waves, C) Rayleigh waves, D) Love waves moving
left to right across the page. P waves change the shape and volume of the material, while S waves change
only the shape. It should be noted that the displacement is exaggerated for these plots. (Modified from
Figs. 3.2 & 8.3 in Shearer (2019).)

Vp and Vs are essential parameters in seismology and geophysics because they provide valuable
information about the elastic properties and density of the materials they travel through.

4/3
Vo= —/H/M, v, = /2. (1.1)
p p

Surface waves are the result of P and S waves interacting with the Earth’s surface. Rayleigh
waves, which are a combination of P and SV (vertically polarized shear waves) motions, cause
particles in the ground to move in elliptical paths, with particle motion decreasing exponentially
with depth (Fig. 1.1-C). Love waves resulting from SH (horizontal polarized shear waves) cause
shearing of the ground perpendicular to the direction of wave propagation. Unlike Rayleigh
waves, Love waves have a side-to-side motion that occurs perpendicular to the direction of wave
propagation, and they are faster than Rayleigh waves (Fig. 1.1-D). One of the essential features
of surface waves is dispersion, which means that waves with different periods travel at different
velocities. Therefore, the wave energy spreads along the direction of propagation as the longer
period waves, which sample deeper (faster) Earth material, pull away from the shorter period
waves.

The choice of seismic wave type for a seismic tomography study depends on multiple factors,
such as the depth of the target area/volume, the distribution and density of available seismic



stations, etc. Body waves are commonly used for regional seismic tomography, but this requires
a relatively dense seismometer network and provides limited sensitivity to shallow subsurface
structure (Toyokuni et al., 2020). Because the Greenland ice sheet covers most of Greenland,
it is not possible to have a long-term, dense seismic network. Therefore, most of the regional
seismic tomography investigations, including the one in this thesis, considered surface waves.
Numerous surface wave tomography studies in the past two decades have investigated shallow
subsurface to sub-lithospheric mantle structure using Rayleigh waves (Darbyshire et al., 2004,
2017; Pourpoint et al., 2018b,a; Mordret, 2018).

1.3.1 Rayleigh waves

To describe Rayleigh waves, which are the combination of P and SV waves, we use potentials
for waves propagating in the x direction as follows:

¢ = Aexp(i(wt — kpx — kyro2))

Y = Bexp(i(wt — kex — ky152)), (1.2)

where w is the angular velocity, ¢ is time, k, is the wave number, A and B are potentials ampli-
tudes, and r,, s are scaling factors defined to keep the energy trapped near the surface (Stein
and Wysession, 1991):

rq = —i(1 = c2/a?)1/?
rg = —i(l—c/8)'"?,
where c, is the apparent velocity and needs to be less than the shear velocity (/3) (¢, =0.928,

more details in Stein and Wysession (1991)). By following calculations in Sec. 2.7 from Stein
and Wysession (1991), the displacement from Rayleigh waves at depth 2=0 is:

(1.3)

u, = 0.42 Ak, sin (wt — k,x),
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u, = 0.62 Ak, cos (wt — k,x). (1.4)

Based on equations Eq. 1.4, Rayleigh wave displacements are proportional to its horizontal wave
number (inversely proportional to wavelength). At ¢t=0 and =0, u,=0 and u, is maximum, and
as time increases, u, and u, sum to define a retrograde motion (as depicted in Fig. 1.1-C). For
a homogeneous body, the maximum vertical displacement at the surface is ~1.5 times greater
than the horizontal displacement. Commonly, Rayleigh waves exist in non-homogeneous bodies,
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and the apparent velocity (c,) is not constant and is a function of frequency, leading to energy
dispersion as noted above.

The wave pulse shape changes when the velocity varies with frequency due to interference
effects. This can be illustrated by considering two harmonic waves with different frequency and
wave number. Non-destructive inference would be as follows:

u(z,t) = cos(wit — k1) + cos(wat — ko). (1.5)

By rewriting Eq. 1.5 relative to an average w (w; 2 = w=dw) and wave number k (ko = k+0k),
we obtain:

u(z,t) = 2cos(wt — kx) cos(0kx — dwt). (1.6)

The inferred waveform from Eq. 1.6 is a signal with average frequency w and velocity w/ k,
which is known as the phase velocity (c), whose amplitude is modulated by a lower frequency
dw that travels at velocity dw/dk, known as group velocity (U) (Fig. 1.2). In Chapter 3, we
present a seismic tomography analysis based on Rayleigh wave PVDCs and the method known
as “two-station interferometry” (Sec. 1.3.3).



1.3.2 Seismic anisotropy

In an anisotropic medium, the elastic behavior depends on the direction in which seismic waves
travel. The elastic tensor (14;51;) is defined via Hooke’s law to relate strain (ex;) and stress (o)
tensors as follows:

Oij = Mijkl €kl- (L.7)

In an isotropic medium, the elastic constants are independent of orientation and so the elastic
tensor involves only three independent parameters. However, for an anisotropic material, the
elastic tensor includes 21 independent components. As a result, seismic waves may travel at
different velocities through an anisotropic medium depending on the propagation direction.

Seismic anisotropy can result from several mechanisms at different depths, from crust to
mantle. In the mantle, the source of seismic anisotropy can be caused by mantle flow. Man-
tle flow and lattice-preferred orientation or the orientation of intrinsically anisotropic minerals
such as olivine may be responsible for seismic anisotropy (Nicolas and Christensen, 1987). In
the crust, several isotropic, horizontally layered rocks (sediments) can introduce anisotropy, also
known as shape-preferred orientation anisotropy. Seismic waves traveling perpendicular to the
layering may experience anisotropy and, therefore, a change in the velocity. The magnitude and
orientation of crustal anisotropy are often highly correlated with regional geological structures
and so inferences of seismic anisotropy provides valuable/complementary insights about the tec-
tonic/geological evolution in a given region (Darbyshire et al., 2017; Bagherpur Mojaver and
Darbyshire, 2022; Petrescu et al., 2017).

1.3.3 Two-station interferometry

We use the well-established two-station interferometry technique (Meier et al., 2004; Darbyshire
and Lebedev, 2009) to calculate a phase velocity map from fundamental Rayleigh wave disper-
sion curves (a curve made of phase velocities at different periods). This technique identifies
surface waves traveling between station pairs from the cross-correlation of the signals measured
at the two stations (Meier et al., 2004; Darbyshire and Eaton, 2010). PVDCs, inferred from
the cross-correlation, reflect depth-averaged variations in velocity structure between each station
pair. Therefore, these averaged velocities between station pairs must be inverted in a predefined
grid to make velocity profiles.

The generated PVDCs from the cross-correlation are inverted to make azimuthally anisotropic
phase velocity maps using procedures described in Darbyshire and Lebedev (2009). The phase
velocity anomaly model to be solved for is:



50(67 ¢) = 60@'50(97 (b) + 5021[)(97 ¢) + 5041[1(97 ¢)7 (18)

where ¢,  denote latitude and longitude, and (0C;s,), (6Cay ), (6Cy4y) indicate the isotropic, 21,
and 4 phase velocity variations, respectively. In this project, the 4¢) component is neglected
due to the low sensitivity of Rayleigh waves to this component (Darbyshire et al., 2017).

In seismic tomography studies, Rayleigh phase velocity maps are commonly inverted for 1D
velocity profiles. In this step, the PVDCs are inverted to estimate the 1D shear velocity profiles
with depth using the method outlined in Lebedev and Van Der Hilst (2008). The inversion is
solved using the Levenberg-Marquardt gradient search, which is suitable for a highly non-linear
equation, with the non-linear least-squares method to minimize the difference between synthetic
velocities (computed using the MINEOS normal mode code ) and the original data. Due to the
non-uniqueness associated with shear velocity structure determination from Rayleigh dispersion
curves, a priori information about the crustal structure and Moho depth is required to add addi-
tional constraints to the problem Lebedev and Van Der Hilst (2008). However, we skip the 1D
shear velocity profiles inversion and invert the phase velocity maps using a joint inversion method
(Sec. 1.4). This technique is capable of using several datasets in a self-consistent framework to
invert for Earth properties.

1.4 Joint Inversion of Regional Geophysical Data

The PVDCs determined in Chapter 2 are used in Chapter 3, alongside other data (e.g., free-
air gravity anomaly, geoid, elevation, and surface heat flow (SHF)) to infer the composition
and temperature beneath the Greenland region using a joint-inversion algorithm (Afonso et al.,
2013a,b). The advantages of this joint-inversion approach is discussed in the methodology sec-
tion of Chapter 3. In short, using different data sets brings, ideally, complementary information
to the problem to enhance sensitivity to Earth structure, thus permitting more accurate inferences
of this structure to be made. The inferred compositional and thermal structure will be used to
estimate the viscosity structure which is a required input for GIA modelling (Sec. 1.5 and Chap-
ter 4). Also, the joint-inversion software used in Chapter 3 (known as LitMod, Afonso et al.
(2013a,b)) is couched within a Bayesian framework which provides estimates of uncertainty in
the inferred quantities.
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1.4.1 Bayesian framework

In a Bayesian formulation, unknowns are considered as random variables and are defined via
probability distributions. Bayes’ theorem defines the probability of an event if there is prior
knowledge and the corresponding conditions to the event (Joyce, 2021), and it is formulated as:

P(A).P(B|A)

P(AIB) = =

, (1.9)
where P(A|B) is a conditional probability (i.e., the probability of event A occurring if B is
true), P(B|A) is the probability of B occurring if A is true (also known as the likelihood); P(A)
and P(B) are the probabilities of occurrence of each event, A or B, without any conditions. In
geophysical modelling, we can substitute A and B with, respectively, input data (d) and unknown
model parameters (m) and re-define P(A|B) as the posterior probability density function (PDF):

P(m|f) P(djm, f)
p(d|f) ’

where P(m|d, f) is the posterior PDF. P(m|f) describes prior parameter information relating to
the model, P(d|m, ) provides the likelihood of observational data (d) given specific parameters
(m), and P(d|f) (called the “Bayesian evidence” which normalizes the parameter space) is the
probability of the observed data (d) given a specific model (f) .

P(mld, f) =

(1.10)

In the Bayesian approach to joint inversion, prior information for the data and model pa-
rameters is used in a joint probability density function known as p(d,m), and, similarly, initial
knowledge about relationships between data and unknown model parameters (i.e., the forward
model (f)) is given by the PDF known as ©(d,m). The general solution to the inverse problem
is represented by a multi-dimensional PDF from the conjunction of given states of information
over the parameter space, known as the posterior PDF (Tarantola, 2005),

o(d,m)  p(d, m) O(d, m). (1.11)

By integrating over the data space to achieve the marginal PDF in the parameter space (Afonso
et al., 2013a; Tarantola, 2005), Eq. 1.11 can be restructured as follows,

o(m)  p(m) L(m), (1.12)
with
L(m) /p(d) 6(d | m) dd, (1.13)
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where the p(m) describes the a priori information about the parameters independently from the
data (d), L(m) is the Liklihood function, which describes the probability of the similarity between
observation and a model prediction based on a specific parameter set, p(d) is the a priori PDF of
data uncertainties, and 6(d | m) is the conditional probabilities related to the uncertainties of the
predictions from the forward model.

1.4.2 LitMod framework

The LitMod software takes geophysical and geochemical data and uses them in a self-consistent
inverse framework (Afonso et al., 2013a,b). Self-consistency means that a unique physiochem-
ical model should link together physical and chemical observations. Probabilistic formulations
(statistical inferences) of this kind of inversion provide a practical means to deal with data and
model uncertainties. In this method, the solution is represented by a series of PDFs (one for each
parameter) rather than a single parameter vector (Tarantola, 2005; Congdon, 2002; Biegler et al.,
2011).

In general, there are no formal mathematical expressions to calculate p(m) and/or o(m), so a
sampling scheme, for example based on a Monte Carlo analysis, is necessary (Tarantola, 2005).
However, due to the large number of parameters required to estimate a full 3D model, and the
much greater amount of samples for which the 3D forward problem needs to be solved in order to
get reliable estimates of the posteriori o(m), this approach is impractical. In order to overcome
this issue, the inversion is divided into two stages (Fig. 1.3).

In the first stage, which is a 1D inversion (with depth), the 3D model space is subdivided
into an array 1D rectangular vertical columns (Fig. 1.4). Then, a subset of the data vector as-
sociated with each column is inverted individually. Each column has three discretization scales:
the finest discretization scale (defining the computation nodes) is used in the numerical solution
of the forward problem (Sec. 3.2.5), the intermediate discretization scale (defining the thermo-
dynamic nodes) is used to solve the Gibbs free energy minimization problem, and the third and
most crude discretization scale (compositional layers) refers to the actual number of independent
compositional layers assigned in the model (Afonso et al., 2013b). The result of each column-
by-column inversion will be used as the first estimation of the marginal PDFs describing the 1D
thermochemical structure that is compatible with the 1D data. These PDFs will be utilized as
a priori information in the second stage, the so-called “refinement stage,” in which the full 3D
problem is addressed. In the second stage, additional data are incorporated to the framework to
spatially ‘tie together’ the 1D results. Data such as gravity gradients are used to generate a more
spatially coherent 3D thermochemical models. However, since the second stage of the inversion
generally results in relatively minor revisions to the results of the first stage, we perform only
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First Part (MC search in 1-D) — Second Part (refinement in 3-D)
Input Input
Dispersion maps Elevation Dispersion maps Elevation
1D geoid anomalies  1-D MT data 3-D geoid anomaly 3-D/1-D MT data
Xenolith data® Surface heat flow 3-D gravity anomalies  Surface heat flow
Vp structure® Xenolith data* output from part 1
* Vp structure®
MC search/inversion . *
emphasis on T (+ crust) Inversion/Forward
S |
v v v v
MC search/inversion | pure forward | |Iinearized inversion| | MCMC I
. H H 1
emphaSlS On C Bessssssssssnssnssnnnnnnnnnns *
* Output
Output (posterior PDF of the 3-D compositional and
(Approximate PDFs for all parameters thermal structure of the lithosphere and
in all individual columns) sublithospheric upper mantle)

* When this information is reliable, it can be used to limit the compositional parameter space of specific compositional layers
# The present implementation uses AVp models only. Future implementations will include the inversion of teleseismic arrival time residuals (see text).

Figure 1.3: Flow chart illustrating the two-part inversion approach applied in a LitMod analysis . T refers
to temperature and C refers to composition. (Figure from Afonso et al. (2013b)).

the 1D inversion in this study (more details on the 3D refinement methodology can be found in
Afonso et al. (2013b, 2016)).

1.5 Glacial Isostatic Adjustment

The Earth experienced glaciation and deglaciation during the Quaternary (~2.6 Ma to the present)
with quasi-periodic variations in ice extent (Shackleton and Opdyke, 1973). The latest glacial
maximum occurred around 21 kyr and is referred to as the last glacial maximum (LGM). During
this period, three major ice sheets existed in north America (Laurentian, Innuitian, and Cordiller-
ran) and four in Eurasia (British-Irish, Fennoscandian, Barents, and Kara), along with substan-
tially more extensive ice in Antarctica and Greenland (compared to that at present). The accu-
mulation and ablation of these ice sheets reflects the major mass redistribution between land ice
and oceans that has existed on Earth for many glacial cycles. This repeating mass redistribution
caused deformation of the solid Earth, changes in gravity and Earth rotation, and changes in
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Figure 1.4: Discretization length scales used in the LitMod inversion software. A 3D model can be
divided into a collection of 1D columns. Each column is discretized in different layers and nodes for
determining the compositional and thermal parameters. The number of layers and nodes can vary spatially,
mainly due to the different Earth structures. (figure from Afonso et al. (2013b))

global sea levels (e.g., Whitehouse (2018).

The following provides a conceptual overview of the GIA process in near-field regions (those
close to the ice sheets). During ice sheet growth, ice covered regions experienced subsidence
while the surrounding areas experienced an uplift, leading to the formation of so-called “pe-
ripheral bulges” (Fig. 1.5-A). In addition to the solid Earth deformation, gravitational changes
are caused by both the increase in ice mass, resulting in an increase of RSL in the vicinity of
the growing ice sheet (Fig. 1.5-B) (which also influences the gravitational changes), and the
resulting Earth deformation. Finally, the surface (ice-ocean) and internal (deformation) mass re-
distribution changes the Earth’s inertia tensor, resulting in changes to the Earth’s rotation vector.
This, in turn, also causes changes in gravity and solid Earth deformation at the global scale (e.g.,
Mitrovica and Wahr, 2011).

During deglaciation, all of the above-mentioned processes are reversed. The shrinking ice
sheet causes mantle mass to flow back under the deglaciating ice sheet. Consequently, the solid
Earth rises in areas once covered by ice and subsides in peripheral regions (Fig. 1.5-C). The
resulting melt water is redistributed back to the oceans in a non-uniform spatial pattern that is
governed by the deformational, gravitational, and rotational changes (Fig. 1.5-D). The resulting
sea-level changes also act as an important surface load in the GIA problem. In the following
sections, further information is provided on the nature of the solid Earth response and how it is
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Figure 1.5: Schematic diagram illustrating the loading (A and B) and unloading (C and D) effect on solid
Earth deformation and sea level change (modified from Ipcc4 ARS (Oppenheimer et al., 2019)).

modelled (Sec. 1.5.1) and how global sea-level changes (and thus the ocean load) is determined
(Sec. 1.5.2).

1.5.1 Earth Rheology

Solid Earth rheology depends on lattice and grain scale mechanisms that are active on differ-
ent timescales and at different depths. Depth variation controls the environmental conditions in
which deformation mechanisms are active (Ranalli, 1995). For example, shallow crustal defor-
mation is mostly elastic and brittle due to the relatively cold temperatures and low pressures. At
greater depths, ductile deformation becomes important, and Earth deformation is mainly elastic
and viscous. As pointed out previously, Eq. 1.7 represents an elastic rheology, in which the strain
response is instantaneous and fully recoverable. This model is suitable for describing the solid
Earth response to short-term stress changes that do not exceed the yield stress of the material
(e.g., seismic wave propagation and isostatic response to ice mass changes on annual to decadal
time scales). On the other hand, at longer timescales, viscous flow becomes significant in the
mantle. For long timescales (> 100 kyr), the elastic strain is negligible in comparison to the
viscous strain and so viscous models are used to model mantle flow, as follows:

= — 1.14
é= o (1.14)
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where € is strain rate, o is the applied deviatoric stress, and 7 is mantle viscosity. Mantle depth is
~2800 km and, despite being relatively homogeneous in composition, its viscosity varies by 1-2
orders of magnitude from the asthenosphere to the core-mantle boundary (CMB) (e.g., Ranalli,
1995). The mantle can also exhibit large lateral variations in viscosity, particularly near plate
boundaries and hot spots.

The advance and retreat of ice sheet margins may take several hundreds to thousands of years
and results in a significant load change at the Earth’s surface. The solid Earth response to these
changes comprises both an elastic and viscous response. The Maxwell model (Fig. 1.6) combines
a spring and dashpot in series to simulate the elastic and viscous components of deformation. In
this model, when stress is applied, the spring deforms first, causing an instantaneous change in
strain. As the stress is applied for a longer time, the dashpot contributes a growing component of
the deformation. When the stress is removed, there is a sharp change in deformation correspond-
ing to the recovery of elastic strain with the non-recoverable viscous component resulting in the
net deformation. The strain accumulated between times ¢, and ¢; can be represented as follows:

o U5
ez——{—/ — dt. (1.15)
210y 21
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1.5.2 Relative Sea Level

Relative sea level is the vertical distance from the solid Earth (sea floor) to the ocean surface
(Fig. 1.7). A change in RSL can, therefore, be related to one or both of sea surface height change
and solid Earth vertical movements. RSL change is time-dependent including long-time scale
(millennia) changes related to solid Earth deformation or gravitational attraction between ice and
ocean mass, and short-time scale (daily) changes due to tides (Fig. 1.7).

Farrell and Clark (1976) first developed a theory for calculating the sea level change due to
surface mass redistribution on a visco-elastic, non-rotating, model Earth. Subsequently, this the-
ory was extended to include time-varying shoreline positions and Earth rotation (e.g., Mitrovica
and Milne, 2002; Milne and Mitrovica, 1998; Milne et al., 1999). Farrell and Clark (1976) formu-
lated change in RSL at geographical location 6, A (co-latitude and east longitude, respectively),
and time ¢ as follows:

SG(O, 1) = G(0, M\, 1) — R(O,\, 1),

S0, M, 1) = C(6,)) SG(O, \, 1), (1.16)

where G is the geoid height change (or absolute sea level change), R is the solid Earth radial
displacement (or height change of the sea floor), .S is the sea level change, and C' is the so-called
ocean function (C' = 1 in ocean areas, and C' = 0 in land areas).

Absolute sea level (or sea surface height change) is the combination of spatially uniform,
E(t), and spatially variable, ®/g(6, A, t), components. The uniform sea surface height change
is comprised of two parts: barystatic, Fj(t), and syphoning, F(t), and ensures ice-water mass
conservation between ice sheets and the oceans (Farrell and Clark, 1976). Using this information,
Eq. 1.16, including spatially variable and uniform sea height change, can be written as:
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SG(0, A1) = [®/g9(0, A1) + E(t)] — R(0,\,1), (1.17)

where
E(t) = Ey(t) +

1 PrI roy/
0= //m v -,

E(t) = Ao ([®/9(0,X,t) — RO, \1)]), .
where py and p,, are the density of ice and water, A, is the ocean area, A[ is ice thickness change,
dS) is spherical polar differential elements (or sint’df’d)\’), ® is the perturbation to the gravita-
tional potential, ¢ is gravitational acceleration, and (-, ), is the inner product for calculating
spatial integration over ocean area. As mentioned above, the radial displacement and gravita-
tional potential changes are caused by ice and loading. Green functions G and G¢ are used,
respectively, to project the effect of surface mass load (L) on R and ® between loading point and
time (6, \', ) and fingerprint point and time (0, \, t), as follows:

R(G,)\,t):/// LO' N V) Gr(p,t —t') r*dQdt’,
t’ Q

(1.19)
@(Q,A,t):/// L0 N ) Go( t — ) 12 dQdY,
v JJo
where ¢ is angular distance, r is Earth’s radius, and
LG, N t) = pu SO, N, 1)) 4+ pr AI(0', N, 1),
Y, hY (t) + hEs(t cosy
Grlv:t) = MEZ[ (t) + hi8(8)] Pa(cosv), (1.20)

Go(t,t) = ]\Z—QE [6(£) + kY (£) + kZ5(t)] Pa(cos),

where My is the Earth’s mass, (h, k)2"V are surface load Love numbers corresponding to, re-
spectively, the elastic and viscus components; ¢ is the impulse function (= 0 or 1), and P, are the
Legendre polynomials. Using the relationships in Eqs. 1.19 and 1.20, the sea level equation is
obtained as follows (® denotes convolution in time and space):
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SG(8,\t) :% ® L+ % ® L+
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where relative sea level change (SG) is a function of itself, and the general approach to solving
such a problem is iterative (e.g., Mitrovica and Peltier, 1991).

1.5.3 GIA modelling

In the late 20" century, contemporary GIA modelling developed with the first theoretical sea
level change formulation (Sec. 1.5.2). In Eq. 1.19-1.20, ice loading (A7) and Earth properties
(embodied in Love numbers, k£ and h) for a visco-elastic Earth (Maxwell rheology) are the two
primary components. Therefore, GIA analyses often contribute to Earth rheology and ice evolu-
tion constraints, as described below.

Conventionally, the forward modelling approach is used to solve sea level equation by provid-
ing parameter sets of Earth model realizations (e.g., lithosphere elastic thickness and upper and
lower mantle viscosities) and ice model history. Once these are defined, various observables can
be generated and compared to observations (Fig. 1.8). The model parameter set with the lowest
data-model misfit is accepted as the final, optimum, result. However, multiple parameter sets of-
ten lead to similar data-model misfits due to non-uniqueness issues. In addition, Earth rheology
variation is often considered only with depth, and so lateral variations are ignored. Despite 1D
Earth models being unrealistic, this class of models have generally provided acceptable regional
fits to RSLs. A growing number of studies have considered Earth models with 3D viscosity
structure (e.g., Li et al., 2018). However, in most of these studies, the 3D models provided only
equivalent or poorer fits to the observations. Ice history models are often developed based on a
spherically symmetric (1D) Earth model (e.g., Tarasov et al., 2012; Peltier et al., 2015; Lambeck
et al., 2017; Simon et al., 2016), which makes them incompatible with 3D Earth models.

As mentioned above, the 1D linear Maxwell rheology can provide a good fit to RSL data.
However, laboratory experiments have shown that a non-linear (power law) component of the
viscous response is commonly observed for mantle materials and conditions (Karato et al., 2008),
and so both should be considered when simulating GIA observables (Wouters et al., 2013). An-
other recent attempt to explain data-model residuals has considered transient rheology, which
means the viscosity varies with the frequency of the surface loading (Lau and Holtzman, 2019).
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Figure 1.8: Schematic of GIA model components and modelling procedure. The main GIA model inputs
(green boxes) are the Earth, and ice models. Solving the sea level equation (Eq. 1.21) generates the ocean
load which, along with the ice and Earth model, are used to generate the listed model outputs (blue boxes).
The outputs are compared to observations to calculate the data-model misfit and to find the optimum model
parameter set.

Frequency-dependent viscosity has been proposed to explain some differences in viscosity in-
ferred using different data sets (e.g., Adhikari et al., 2021; Paxman et al., 2023). These more
complex Earth models - with 3D structure and more complex rheology - will play an important
role in explaining data-model residuals as the quality and quantity of observational control im-
proves. A wide range of observables capture the GIA signal (Fig. 1.8). The two that are most
commonly used RSL reconstructions spanning many millennia and geodetic determinations of
land motion (vertical and horizontal) over the past few years to decades.

Paleo RSL is reconstructed from sea-level index points (SLIPs), which constrain ancient
RSL in height and time, and limiting data points, which provide only an upper or lower bound
on RSL at some past time (Fig. 1.9). SLIPs are determined from the analysis of microfossils
(e.g., foraminifera, pollen, diatoms) from in situ sediment cores or features (e.g., morphologi-
cal/archeological) that can be used to place an accurate constraint on paleo sea level (Shennan,
2015). Limiting data points are also obtained through different proxy types. For example, lim-
iting data points reconstructed from plant macrofossils that could have lived only in fresh water
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conditions, indicate sea level was lower than the measured RSL height. On the other hand, corals
could have lived only in salt-water conditions, indicating that sea level was above the height of
the fossil coral when it was alive.

Geodetic data, including global navigation satellite system (GNSS) and interferometric syn-
thetic aperture radar (InSAR), have been used for VLM studies in specific regions (Khan et al.,
2016; Berg et al., 2024; Wang et al., 2024; Cao et al., 2023). There have been growing GPS net-
works in some areas of interest, such as Greenland and Antarctica. However, our knowledge of
the present VLM in Greenland is limited to the margins because the precision required involves
the installation of continuously operating receivers that are coupled to the bedrock. VLM time
series determined from GPS capture both of the ongoing viscous deformation caused by past ice
and ocean loading, as well as the elastic deformation associated with ice thickness changes dur-
ing the monitoring period. Therefore, the VLM data, measured from GPS, have to be corrected
for elastic deformation to be suitable for GIA modelling (Khan et al., 2022; Berg et al., 2024).
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Chapter 2

Structure of the crust and upper mantle in
Greenland and northeastern Canada:
Insights from anisotropic Rayleigh wave
tomography

2.1 Introduction

Greenland is covered by the second-largest ice sheet in the world, whose volume is equiva-
lent to about 7 m of global mean sea level rise (Haines, 2003). Due to the thick interior ice
(~3 km at center), other than at a small selection of deep ice core sites, direct access to the solid
Earth surface is only possible beyond the ice margin. Consequently, much of the Earth’s struc-
ture beneath the ice sheet and its surroundings is inferred from indirect methods (e.g., Bamber
et al., 2001; Brooks, 2011; Dawes, 2009; van Gool et al., 2002) or geophysical modelling (e.g.,
Artemieva, 2019; Darbyshire et al., 2017; Mordret, 2018; Pourpoint et al., 2018b; Rogozhina
et al., 2016; Steffen et al., 2017, 2018; Voss and Jokat, 2007; Voss et al., 2009). As a result,
there is limited knowledge of geological and geophysical properties (e.g., rock type, heat flow,
lithospheric thickness) and their spatial distribution beneath most of Greenland and peripheral
regions. Improving our knowledge of the subsurface structure would provide valuable insights
into the tectonic history (Artemieva, 2019; Darbyshire, 2003; Darbyshire et al., 2017; Pourpoint
et al., 2018b; Schaeffer and Lebedev, 2014; Schiffer et al., 2022; Toyokuni et al., 2020) and re-
lated mantle dynamics (e.g., Afonso et al., 2019; Lebedev et al., 2018; Schaeffer et al., 2016;
Steffen et al., 2018). In addition, more accurate velocity constraints will lead to improved mod-
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els of the density and rheology (e.g., Artemieva, 2019; Afonso et al., 2013a,b; Lebedev et al.,
2018; Mordret, 2018), both of which govern the isostatic response. A better understanding of
this response will lead to improved model reconstructions of the past and future evolution of the
ice sheet (e.g., Lecavalier et al., 2014; Wake et al., 2016; Edwards et al., 2021) and its impact
on global and regional sea-level changes (e.g., Lecavalier et al., 2014; Wake et al., 2016; Faure,
2022) and regional land motion (e.g., Khan et al., 2016; Adhikari et al., 2021).

A primary motivation for this study is to improve upon the geographic extent and resolution
of past studies. Over the past 10-15 years, several new seismograph stations have been progres-
sively installed, notably in Greenland’s central and southern parts and northeastern Canada. In
addition, we have broadened the aperture of the network used in our study by adding stations
from beyond these regions, leading to improvements in regional data coverage and resolution
around the coast, the continental shelves, and the far north of the Greenland/Arctic region. We
consider Greenland, northeastern Canada, and Baffin Bay as our main study regions and so gen-
erate a model of lithospheric and upper-mantle seismic velocity structures for these regions using
data from fundamental-mode Rayleigh wave phase velocities. Teleseismic data and associated
two-station cross-correlation techniques are used to estimate isotropic and anisotropic phase ve-
locity maps, which adds insight into lithospheric structure and fabric that can help constrain the
regional geologic, tectonic, and geodynamic history.

2.1.1 Geology and Tectonic Background

Much of Greenland is commonly assumed to be underlain by Precambrian Shield altered by sev-
eral orogenic and rifting events. These events divide the landmass into several blocks, including
several Proterozoic mobile belts and an Archean craton in the south (Dawes, 2009; Henriksen
etal., 2008, 2009). Tectonic models suggest that during the Early Proterozoic era, most of Green-
land’s original Archean structure was modified by orogenic activities (Fig. 2.1).

The only significant unaltered Archean basement is located in the southern part of Greenland
(Fig. 2.1). This Archean block, part of the North Atlantic craton, is bounded to the south by
the Ketilidian mobile belt, which is largely composed of juvenile Paleoproterozoic rocks. To the
north, the craton is bounded by the Nagssugtoqgidian mobile belt in the west and the Ammassalik
mobile belt in the southeast. The Rinkian mobile belt extends northwards from the Nagssug-
togidian mobile belt towards the Inglefield mobile belt, though the boundaries between these
orogenic belts are not well defined (e.g., St-Onge et al., 2009). The Nagssugtoqidian, Ammas-
salik, and Rinkian mobile belts are largely composed of reworked Archean rocks, whereas the
Inglefield mobile belt is dominated by juvenile Paleoproterozoic assemblages. Both the main
Archean block and the mobile belts can be correlated with units in northeastern Canada, such as
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the Rae craton and structures related to the Trans-Hudson Orogen (Henriksen et al., 2008, 2009;
St-Onge et al., 2009; van Gool et al., 2002).

The formation of the Paleoproterozoic fold belts led to the establishment of the stable Green-
land basement around 1,750 million years ago. Subsequently, the Greenland craton experienced
only minor tectonic events, such as local rift formation and limited block uplift and subsidence
(Henriksen et al., 2008, 2009). Later tectonic activity occurred along the craton margins, in-
cluding Late Proterozoic sedimentary basin formation in the north-northeast of Greenland and
Paleozoic orogeny, resulting in the formation of the Ellesmerian fold belt in the north and the
Caledonian orogenic belt in the east (Henriksen et al., 2008, 2009; Schmidt-Aursch and Jokat,
2005).

During the Paleozoic to Mesozoic periods, rift basin formation and sediment deposition took
place in the north, east, and west of Greenland’s margins. These events were followed by conti-
nental breakup and sea-floor spreading of the Labrador Sea about 62 million years ago, and the
opening of the North Atlantic around 56 million years ago that led to the separation of Green-
land and northern Europe (Chalmers and Pulvertaft, 2001; Torsvik et al., 2002). The breakup
and sea-floor spreading coincided with the passage of the Icelandic hotspot beneath Greenland
approximately 100 to 50 million years ago, leading to increased volcanic activity in western,
eastern, and offshore southern Greenland, eventually resulting in the formation of the western
and eastern Tertiary flood basalt provinces (Brooks, 2011; Holbrook et al., 2001; Hopper et al.,
2003; Voss et al., 2009; Voss and Jokat, 2007). More detailed information about Greenland’s
geology and tectonic history is given by Henriksen et al. (2008, 2009).

Much of northeastern Canada is underlain by rocks of the eastern Canadian Shield, compris-
ing Archean crust of the Superior, North Atlantic, and Rae cratons. The Archean domains are
welded by Paleoproterozoic collisional belts, in particular the northeastern Trans-Hudson oro-
gen, which crosses through southern Baffin Island (e.g., St-Onge et al., 2006, 2009). These ter-
ranes are overlain in parts of Baffin Island and the Queen Elizabeth Islands by Mesoproterozoic-
Devonian sedimentary sequences, including the Franklinian basin which is exposed on eastern
Ellesmere Island. The northernmost Canadian Arctic was affected by several Paleozoic tectonic
events, including the Ellesmerian (or Innuitian) orogeny in the Devonian - Early Cretaceous,
the accretion of exotic terranes to northern Ellesmere Island, and the development of the post-
Ellesmerian Sverdrup Basin (Oakey and Stephenson, 2008).

2.1.2 Previous Seismic Studies

Seismic velocity models play an important role in constraining Earth properties in Greenland and
northeastern Canada (Paxman et al., 2023). The lithospheric and crustal structure of Greenland
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Figure 2.1: Geological map of Greenland including inferences of sub-ice bedrock units. Modified from
Dawes (2009). The inset map (bottom-right) shows the extension of tectonic boundaries from Greenland
to eastern and northeastern Canada.
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and northeastern Canada has been studied with seismic tomography, receiver function analysis,
ambient noise, and shear-wave splitting for decades (e.g., Levshin et al., 2001; Dahl-Jensen et al.,
2003; Rickers et al., 2013; Darbyshire et al., 2017; Mordret, 2018; Toyokuni et al., 2020; Nathan
et al., 2021). However, seismic data collection in these regions is challenging due to the diffi-
culties involved in installing and maintaining seismic equipment on the ice sheet. As a result,
most velocity models for this region are relatively low-resolution or do not cover the entire re-
gion (for example, northern Greenland and northeastern Canada are poorly resolved compared to
central and southern Greenland). With the advancement of station coverage and more earthquake
recordings, several high-resolution models of Greenland’s lithospheric and crustal structure have
been published. However, data coverage in northeastern Canada and northern Greenland is still
sparse.

Global tomographic models (e.g., Ekstrom, 2011; Larson and Ekstrom, 2001; Ritzwoller
et al., 2001, 2002; Schaeffer and Lebedev, 2013) provide some insights into Greenland’s litho-
spheric structure. These models indicate that the lithosphere beneath Greenland can be divided
roughly into two zones: a high seismic velocity region to the north-northwest and a low seismic
velocity region to the south-southeast. However, these global studies have inherent limitations in
lateral resolution, typically ranging from approximately 500 to 1,000 kilometers. Consequently,
they cannot accurately capture important smaller-scale seismic velocity variations that may ex-
ist in the region. Regional seismic tomography studies, using surface waves and ambient noise
tomography (Levshin et al., 2001; Darbyshire et al., 2004; Darbyshire, 2005; Darbyshire et al.,
2017; Mordret, 2018; Pourpoint et al., 2018b,a), full-waveform S-wave / surface-wave tomog-
raphy (Rickers et al., 2013; Lebedev et al., 2018) or P-wave arrival time tomography (Toyokuni
et al., 2020; Toyokuni and Zhao, 2021), have provided insights into Greenland’s geologic and
tectonic structure by generating higher-resolution constraints of its subsurface. However, these
studies have important limitations: either they do not resolve the deep lithospheric structure, or
the coverage does not include the continental shelves or margins, or they have not been updated
with information from recently installed seismograph stations.

Seismic anisotropy has been studied in Greenland and northeastern Canada using permanent
and temporary stations (Darbyshire et al., 2017; Dube et al., 2020; Evans et al., 2006; Nathan
etal., 2021; Ucisik et al., 2008). Shear-wave splitting studies are limited in their ability to resolve
the source depth of the anisotropy, though some constraints are possible by considering lateral
variations between nearby stations. Ucisik et al. (2008) measured splitting at stations across
Greenland, assuming a single layer of anisotropy, and interpreted the results in the context of po-
tential lithospheric deformation and/or asthenospheric flow. With a larger dataset, Nathan et al.
(2021) considered backazimuthal variation in splitting measurements at stations across Green-
land to model two-layered anisotropy, interpreted as lithospheric deformation in the shallow
layer and either asthenospheric shearing or underthrust lithospheric layering in the deeper layer.
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Both Nathan et al. (2021) and Dube et al. (2020) measured splitting for northernmost Ellesmere
Island, also finding backazimuthal variations consistent with layered anisotropy. A more direct
depth constraint on seismic azimuthal anisotropy is possible through surface wave tomography.
Estimations of mantle anisotropy beneath Greenland and its surroundings have been made in
global and large-scale regional studies (Levshin et al., 2001; Pilidou et al., 2004; Schaeffer et al.,
2016) but the relatively low lateral resolution and the data coverage of the older models limits
detailed interpretation. Darbyshire et al. (2017) investigated anisotropy beneath Greenland and
its surroundings at much higher resolution using regional group velocity tomography, but their
study is restricted to the crust and uppermost mantle (to ~80 km depth), thus limiting direct
comparisons with splitting and other previous measurements. In this study, the period range of
the surface waves allows constraint on azimuthal anisotropy in the lower crust and upper mantle,
with the possibility of resolving the apparent discrepancies in previous studies that arise from the
differences in methodology used.

The assembly of eastern Laurentia has been extensively studied in northern Canada, using
seismographs distributed around the Hudson Bay region and Baffin Island. SKS splitting mea-
surements were carried out by Bastow et al. (2011); Snyder et al. (2013); Liddell et al. (2017),
and anisotropic surface wave tomography by Darbyshire et al. (2013). Bastow et al. (2011) and
Liddell et al. (2017) observed significant variations in SKS splitting parameters over short spatial
scales, as well as evidence for complex multi-layered and/or dipping anisotropy. They attributed
these features entirely to plate-scale lithospheric deformation associated with the Paleoprotero-
zoic assembly of Laurentia. In contrast, Snyder et al. (2013) suggested a component of present-
day plate motion to explain their splitting measurements. Darbyshire et al. (2013) inferred two
cores of high seismic wavespeeds in the upper lithospheric mantle, associated with the Archean
Churchill and Superior cratons, with a subvertical zone of lower wavespeeds in between, consis-
tent with juvenile Proterozoic material being preserved in the Trans-Hudson orogen (THO). The
lower lithosphere exhibited more uniform wavespeeds but a distinct pattern of anisotropy mirror-
ing the near-surface expression of the THO. These findings in northern Canada were interpreted
as evidence for modern-style plate tectonics in the Paleoproterozoic, and a multi-stage formation
process for the Laurentian keel. Similar signatures of Precambrian tectonic processes may be
expected beneath much of the Greenland shield region (e.g., St-Onge et al., 2009), except for
areas overprinted by later tectonic activity.

27



2.2 Data and Methods

2.2.1 Seismograph Network and Waveform Data

We calculate the Rayleigh-wave phase velocity structure across Greenland and northeastern
Canada. To do so, we use a broad distribution of stations consisting of 48 permanent broadband
seismic stations belonging to various networks, including the Canadian National Seismograph
Network (Natural Resources Canada, 1975) , Danish National Seismograph Network (Danish
Seismological Network, 1976), Geoscope (Institut de physique du globe de Paris (IPGP), &
Ecole et Observatoire des Sciences de la Terre de Strasbourg (EOST), 1982), Korea Polar Seismic
Network (Won Sang Lee, 2013), Norwegian National Data Center (Norsar, 1971; University of
Bergen, 1982), Global Seismograph Network (GSN, Scripps Institution of Oceanography, 1986;
Albuquerque Seismological Laboratory/USGS, 2014), and some individual stations (X5, GE,
GB, GG, Stephen, 2005; Sokos, 2015; Marianne Karplus, 2017; Fletcher, 2018; GEOFON Data
Centre, 1993; British Geological Survey, 1970; IRIS HQ (DC), 2012) located in Greenland, east-
ern Canada, Norway, Svalbard, and Iceland (Fig. 2.2 and Table A2.1 in the Appendix section).
We mostly used permanent stations for their extended temporal recording to obtain high-quality
seismic data and measure fundamental mode Rayleigh wave phase dispersion (i.e., surface wave
propagation speed changes as a function of frequency) from teleseismic earthquakes.

2.2.2 Teleseismic Two-station Surface Wave Dispersion

In this study, we generate two-station measurements using seismic records from the vertical
component of teleseismic events with a magnitude (Mw) greater than 5.8 and epicentral distance
of >20° that occurred between 1989 and 2022. To minimize the off-path propagation effect, we
specifically select station pairs with an inter-station distance greater than 300 km, for which the
difference in back azimuth between the station-event great circle path and station pairs is less
than 5 degrees. In addition, for each station pair, we ensure that the earthquake dataset includes
events from a range of epicentral distances and from both directions (i.e., station A—B and
B—A) to minimize any potential bias associated with off-great-circle propagation and angular
deviations from a great circle path at short periods (e.g., Foster et al., 2014; Meier et al., 2004;
Pedersen, 2006; Pedersen et al., 2015).

The selected waveforms are detrended, resampled to 1 Hz, and low-pass filtered with a cor-
ner frequency of 0.5 Hz to improve the signal-to-noise ratio. We remove instrument response
such that the signals are expressed in terms of displacement. Following these processing steps,
we employ a two-station measurement method to eliminate the effects of the earthquake source
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Figure 2.2: A) Location of all stations used in this study. The color of the symbols indicates specific
networks (see Table A2.1). B) All possible station pairs and corresponding ray paths for the station
distribution shown in (A).

and teleseismic paths. This method calculates the cross-correlation between the two vertical
components and converts it into the frequency domain to estimate the phase velocity c(w) from
the complex phase spectrum. Fig. 2.3 -A&B shows the vertical displacement waveforms and
their corresponding spectrograms for a pair of seismograph stations. This visualization helps
us identify the potential frequency range suitable for analyzing Rayleigh waves using the two-
station method. Near-surface scattering significantly impacts frequencies between 0.1 and 0.6
Hz; therefore, we restrict our analysis to frequencies lower than this range. Figure 2.3-C illus-
trates the cross-correlation time series, its spectrogram, and the corresponding phase spectrum.

Phase wrapping introduces ambiguity in determining the integer number of cycles. Con-
sequently, different cycle numbers lead to a range of possible solutions for phase velocity, as
depicted in Fig. 2.3-D. To address this, we employ a reference model (specifically, the AK135
global model of Kennett et al. (1995)) as a guide to identifying the phase velocity curves that
visually match the reference model. We select only the smooth parts of the dispersion curve
that lie close to the reference model to ensure a reliable range of measurements. The final dis-
persion curve is obtained by averaging the selected solutions for all available earthquakes that
align with the pair of seismic stations. This estimated dispersion curve represents the average
Rayleigh-wave phase velocity between the two stations. Using this technique, we calculate 454
inter-station dispersion curves (as shown in Fig. 2.2-B) for periods ranging from 25 to 185 sec-
onds across 48 seismograph stations. We further refine the selected dispersion curves by remov-
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Figure 2.3: Example of the interactive cross-correlation technique for phase velocity dispersion curve
selection as applied in this study. A-B) vertical displacement seismograms and spectrograms of an earth-
quake recorded by stations ISOG and SUMG, C) the cross-correlation seismogram and spectrogram of the
two signals, and D) Rayleigh wave phase velocity solutions given the 2nm ambiguity. The black dashed
line in (D) is the theoretical dispersion curve based on the AK135 model that we used as a guide to pick
the closest dispersion curve.

ing unstable results or significant outliers based on the standard deviation of the averaged phase
velocity. These averaged two-station phase velocity dispersion measurements serve as input for
the tomographic inversion to obtain phase velocity maps. Further examples of dispersion curve
measurements are shown in supplementary material (text and Fig. A2.8).

2.2.3 Seismic Tomography Inversion: Phase Velocity Maps

Each averaged two-station dispersion curve represents the integrated structure along the path
between the stations. The inferred phase velocities are then inverted for azimuthally anisotropic
phase velocity maps as a function of period, based on the methodology described in past work
(Darbyshire and Lebedev, 2009; Deschamps et al., 2008). The total phase velocity anomaly d¢;
can be described as the integration of local anomalies dc(w, ¢, #) at a discrete set of frequencies
(w), and at each grid knot of longitude (/) and latitude (¢) along the corresponding inter-station
path i:

5i(w, 6,0) = / / ki(w, 6, 0)ddo @0
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where i describes the path for which we calculate the anomaly, and the kernel k;(w, ¢, 0) refers
to the Rayleigh waveform sensitivity area that regulates the weight of each grid point along the
path ¢ (Lebedev and Van Der Hilst, 2008). For each frequency, the local phase velocity anomaly
(Eq. 2.1) at each grid knot is decomposed into isotropic and anisotropic components by applying
a Fourier series expansion based on azimuth (Smith and Dahlen, 1973; Deschamps et al., 2008):

dc(w) = dciso(w) + Ar(w) cos (2¢0) + Ag(w) sin (29))

+ Ag(w) cos (41)) + Ay(w) sin (41)) (2.2)

where d¢;,, is the isotropic component, A; and A, denote the 2¢) anisotropic components and
As and A4 refer to the 4¢) anisotropic components, respectively. These five parameters are the
unknown coefficients to solve for. We develop a linear system of equations for each period and
path, based on Eq. 2.2, by projecting the dispersion curve intersections onto a model grid. The
system of equations is solved separately at each period using the least squares technique (Paige
and Saunders, 1982). We solve for isotropic and anisotropic (21, 41) phase velocities (Paige and
Saunders, 1982). However, it is worth noting that Rayleigh waves exhibit weak sensitivity to
the 41/ component in the upper mantle (Montagner and Anderson, 1989). As a result, although
these components exist in our model, we exclude them from our interpretation. Further refer-
ence to anisotropic parameters (amplitude, orientation) in this paper thus refers exclusively to the
2¢) parameters. Since the technique employed does not provide a covariance matrix for uncer-
tainty quantification, we regularize the model using norm damping, lateral smoothing, and lateral
gradient adjustments at each period. These adjustments help reduce fitting errors, prevent over-
fitting, and maintain a reasonable model norm. Moreover, we perform resolution and leakage
tests to evaluate the reliability of the inversion results in resolving synthetic velocity structures
(Sec. 2.2.5).

2.2.4 Model Parameterization, Regularization, and Data Fit

We adopt a spherically-tessellated triangular grid with a knot spacing of 150 km, specifically
designed for the region under investigation (Wang and Dahlen, 1995). This grid configuration
ensures that the inter-knot spacing is approximately equal throughout. Such an approach is par-

ticularly suitable for smoothing and damping effects, especially in higher latitudes (e.g., 58° to
88°). The functional model vector (1m) is solved by minimizing the cost function:

A — d] + a| 7| + A Am| + ~ [T (2.3)
where A is the design (kernel) matrix, d is the observation vector, 171 contains our unknown
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Table 2.1: Final inversion parameters.

Period Smoothing parameters ~ Damping Parameters
Isotropic  Anisotropic Isotropic  Anisotropic
(s) (29 & 4) (29 & 4)
25-185 0.3 0.6 0.1 0.15

model parameters, o, A\, and ~ are the norm damping, lateral smoothing, and gradient damping
coefficients, respectively, I is an identity matrix, and A and I' are the the lateral smoothing
and gradient operators, respectively. Gradient damping reduces the first derivative of the phase
velocity anomaly distribution, whereas smoothing penalizes the second spatial derivative and
propagates the local anomaly peaks into the final phase velocity distribution (Darbyshire and
Lebedev, 2009). In this study, we fix the gradient damping to a small value for both isotropic
and anisotropic heterogeneity and focus mainly on norm damping and lateral smoothing for the
inversion. The selection of these parameters is subjected to several tests. These tests are mainly
applied at three periods (short - 25 s, intermediate - 61 s, long - 151 s) since variations in ray
path coverage with period could differ and affect the inversion results.

Tests carried out to obtain the optimum smoothing parameters are applied with a fixed low
damping value of 0.5. We investigate the effect of different isotropic and anisotropic smoothing
values on roughness versus remaining variance curves. The trade-off curve between roughness
and variance for both isotropic and anisotropic models enables us to pick the best value at the
“knee” part of the L-curve shape. Then, we narrow our parameter search space around the chosen
value, inspect the phase velocity maps visually, and find the best approximate smoothing value
for isotropic and anisotropic components. A similar approach is performed to find damping
values by fixing a low smoothing parameter (0.1 and 0.2 for isotropic and anisotropic inversion,
respectively). The final test is run to find the balance between the chosen smoothing and damping
parameters for both components. Final parameter selection was made after examining model
results at the three mentioned periods. Due to approximately constant ray paths at different
periods (Fig. A2.1), the best parameters didn’t show significant changes, and so we selected one
set of parameters to be used for all periods (Table 2.1). The reliability of the selected parameters
is then inspected by carrying out a resolution test analysis (Sec. 2.2.5).

We perform a linearized inversion for phase velocity variations, which outputs a best-fitting
model based on the data points, without incorporating input data uncertainties. Therefore, no
output statistics for model uncertainties are estimated. To mitigate the limitations of linearized
inversions, we use the input data uncertainties in the outlier-exclusion process prior to the final
inversion, where inter-station measurements that cannot be fit within their uncertainties are ex-
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cluded from further analysis. Outliers cause artifacts in the phase velocity maps by producing
sharp and non-realistic phase velocity jumps. These artifacts generally occur in regions with low
path density where the inversion performs poorly. Another possible reason for these artifacts may
be station-specific issues, such as data noise, timing problems, or response problems. This kind
of artifact shows up as a strong (bright) anomaly at the location of the faulty stations compared to
the surrounding regions. Removing outliers reduces the overall variance of the model. We per-
form this test by setting outlier thresholds of 75%, 85%, and 95% (see Schaeffer and Lebedev,
2013, for details). Lower threshold values result in fewer paths, leading to faster convergence
and lower variance. Based on a visual inspection of phase velocity maps and remaining variance,
we use a threshold value of 95%, consistently across all periods. The final phase velocity maps
are generated by inversion following the outlier removal.

2.2.5 Model Resolution

We perform a series of resolution tests to assess the reliability and sensitivity of the inverted phase
velocity maps at intermediate (61 s) and long (151 s) periods. All tests use the same framework:
producing synthetic phase velocity measurements with a synthetic model, adding 0.02 km/s of
random Gaussian noise uniformly to the synthetic data, and inverting the measurements for an
anisotropic phase velocity model based on the great circle ray propagation and zero-width ray
assumptions. In these steps, the inversion parameters and ray path coverage are the same as those
used for the observed data. In this section, we present the results of model resolution from two
different test types: synthetic tests (using regular and irregular geometric shapes) and leakage
tests (see Figs. 2.4 & 2.5, and Fig. A2.2).

We design a pseudo-checkerboard model to estimate the phase velocity resolution (Fig. 2.4).
The pseudo-checkerboards are generated in different shapes and sizes (200 km to 400 km) by
setting the velocity variation at model grid points (150 km spacing) to +3% and then interpolat-
ing onto a finer grid. This synthetic analysis was applied in previous studies (e.g., Deschamps
et al. (2008); Darbyshire and Lebedev (2009); Foster et al. (2020)). We note that instead of the
conventional Cartesian framework (e.g., Nolet, 1993; Boyce et al., 2016), a triangular geometry
is used for the tomography model grid. Therefore, the anomaly shapes in Fig. 2.4 are based on
triangles and hexagons rather than the more commonly used squares and rectangles.

Based on Fig. 2.4, ~200 km wide anomalies (first row) are recovered well over Greenland,
the Labrador Sea, and northeastern Canada, although the model anomalies fade out in northern
Greenland and the Queen Elizabeth Islands. The ~400 km anomalies (second row) are better
recovered than the smaller anomalies over Greenland and northeastern Canada, representing a
greater resolution for structures of this scale. Since the main objective of this study is to study
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Greenland and northeastern Canada, and the initial network design was based on this purpose,
the synthetic signal recovery in other regions like Iceland, the Atlantic Ocean, and the western
side of Baffin Island is poor, and the synthetic anomalies are not recovered well. Poor magnitude
recovery originates from low inter-station path density and low path cross-cutting (especially at
the edges of our study region). Therefore, we focus our interpretation on Greenland, northeast-
ern Canada (Baffin Island, Baffin Bay, and the Queen Elizabeth Islands), and the Labrador Sea
regions. At intermediate to long periods (61 s-151 s), the differences in the number of paths
(~450), cross-cutting geometry, and directional variation are negligible, which makes the model
recovery similar for the entire period range (Fig. A2.2).

We create synthetic input models that broadly simulate the spatial distribution of continental
lithosphere and oceanic upper mantle to investigate the model’s ability to resolve these two fea-
tures (Fig. 2.4, last row). The synthetic model consists of fast velocity anomalies in Greenland,
northeastern Canada, Svalbard (continental lithosphere), and Iceland, with slow anomalies in the
Labrador Sea, Atlantic Ocean, and Baffin Bay. At 61 s period, fast anomalies are well recovered
over Greenland, Baffin, and the Queen Elizabeth Islands. However, the recovery over Iceland
and Svalbard is poor. Slow anomalies are well recovered in the Labrador Sea and Baffin Bay,
whereas the anomalies are smeared in other regions. The longer period (151 s) map also shows
similar patterns, and the recovered boundaries between fast and slow anomalies in the continent
and ocean are accurate except for some smearing at the edges. Spurious anisotropy is minimal
and mostly appears in northeastern Canada at shorter periods and southeast Greenland at longer
periods, associated with sharp velocity gradients.

Spurious velocity anomalies can leak between the inverted isotropic and anisotropic compo-
nents during the inversion procedure (i.e., isotropic parameters are mapped as anisotropic com-
ponents and vice versa). To examine the impact of such numerical artifacts, we perform three
separate resolution tests in which we invert each component individually: (a) isolated isotropic
velocity (to investigate leakage into anisotropy), (b) isolated anisotropic velocity (to investigate
leakage into isotropic velocity), and (c) a combination that includes rotated anisotropy (by 90°).
Fig. 2.5 shows the recovery of these synthetic models and the numerical artifacts that appear on
the other components at periods 61 s and 151 s.

In all three cases, the magnitudes of the leaked isotropic or anisotropic anomalies are similar
for the two periods. In the isolated isotropic model, a mean anisotropy anomaly amplitude of
0.2% leaks into the 2¢) component, with a few regions showing spurious anisotropy anomalies
of up to ~0.5% (central and southeast Greenland). Isotropic velocity patterns are well recovered
with slightly reduced amplitudes (-0.5%) in northwest Greenland and eastern Canada at 61 s
and increased values (+0.5%) at 151 s in the Labrador Sea and eastern Greenland. In the isolated
anisotropic model (here, only 21)), there is negligible leakage into the isotropic component (mean
isotropic phase velocity leakage of +0.2%). The azimuthal anisotropy amplitudes and directions
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Figure 2.4: Two checkerboard patterns of different lateral scales (first and middle rows) and one structural
pattern (continent vs. ocean; bottom row) form the basis of the resolution tests. The first column shows
input models (isotropic), and the second and third columns are recovered velocity models (isotropic plus
24)) for, respectively, intermediate (61s) and long (151s) periods. Further resolution tests are provided in
Appendix section (Fig. A2.1).

35



Isotropic velocity

INPUT

OUPUT

INPUT

OUPUT

dC/C (%)
Figure 2.5: Three leakage tests at periods of 61 s and 151 s. In the left column, the input model is the
isotropic component of the preliminary data inversion, and in the middle column, the input model is the 2v
anisotropic component. In the right column, the input model includes both isotropic and 21) components,
but with the anisotropy fast orientations rotated through 90° from the original inversion.
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are well recovered over Greenland and northeastern Canada, with an average anomaly reduction
of ~0.1% and a mean azimuthal deviation from the input values of ~10°, whereas areas like
the Atlantic Ocean and northern Labrador Sea show much-reduced anisotropy amplitude. At
the longer period (151 s), the recovered anisotropy amplitudes are the same over Greenland and
northeastern Canada as the shorter period, whereas the amplitude is significantly reduced in the
Labrador Sea.

In the third test, we invert for a model that involves a combination of both isotropic and
anisotropic components at 61 s and 151 s. The anisotropy directions are rotated by 90° to test
for bias in the recovered azimuthal distribution. Fig. 2.5 shows that the rotated anisotropy di-
rections are well recovered, with high azimuthal deviations occurring only in eastern Greenland.
Isotropic velocity patterns are well recovered with slightly reduced amplitudes (-0.5%) in north-
west Greenland and eastern Canada at 61 s and increased values (+0.5%) at 151 s in the Labrador
Sea and eastern Greenland. In summary, the above resolution and leakage tests indicate that the
inversion method, as applied to our data set, is able to generate valid tomographic models with-
out significantly distorting each component or inducing significant numerical artifacts that could
bias the interpretation in the main study area.

2.3 Results: Phase Velocity Maps

Isotropic velocity anomalies are presented for selected periods between 25 and 185 s in Fig. 2.6
as the perturbation from the mean velocity over the entire region at each selected period. As men-
tioned previously, we invert for isotropic, 2¢, and 41 anisotropy; however, we do not interpret
44) signals because Rayleigh-wave sensitivity to 4¢) anisotropy is low in the mantle (Montagner
and Anderson, 1989). To aid the interpretation of phase velocity maps, we include sensitivity ker-
nels (Fig. 2.7) for the corresponding periods because phase velocity represents a depth-integrated
measure of shear wave velocity structure. Based on the resolution tests discussed in Sec 2.2.5,
we limit our interpretation to Greenland and northeastern Canada.

At short periods (~25 s), Rayleigh waves are mostly sensitive to the shear wave velocity
structure in the 20-70 km depth range. At these periods, based on Fig. 2.6 with respect to the
average velocity, we observe isotropic anomalies of up to +2%, with the most prominent negative
anomalies over central, northwest, and northeast Greenland, the Queen Elizabeth Islands, and
positive anomalies in Baffin Bay and the Labrador Sea. The anisotropic signals are variable,
with amplitudes typically less than 2%. They are primarily oriented N-S in northeastern and
central Greenland but more NW-SE in northwest and southeast Greenland. The fast orientation
in the Labrador Sea is E-W and rotates to NE-SW in the area between southeast Greenland and
Iceland.
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Figure 2.6: Rayleigh wave phase velocity anomaly (isotropic and azimuthal anisotropy) maps of Green-
land and northeastern Canada at periods ranging from 25 to 185 s. The velocity given in the white box at
the bottom right is the regional reference (average) in km/s for each period. Grey areas represent no path
coverage.
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At intermediate periods (41-61 s), the depth sensitivity to shear wave velocity ranges from
~40-130 km. At these periods, isotropic phase velocities vary up to +3.5% from the regional
average velocity. In contrast to shorter periods, the fastest velocity anomalies are located be-
neath the continents, notably northwest and central Greenland and Baffin Island. Lower-velocity
anomalies are observed in central-eastern Greenland, Baffin Bay, and the Labrador Sea. The
amplitudes of these anomalies increase with increasing period. Compared to shorter periods, the
anisotropy orientations are rotated by ~90° in northern Greenland to an E-W orientation. There
is weak ~N-S anisotropy in northern Baffin Bay, stronger NE-SW anisotropy in southern Baf-
fin Bay (~ 2%), N-S to NW-SE orientations in southeast Greenland, and NNW-SSE to N-S in
southern Greenland.

At longer periods (81-122 s), the Rayleigh waves are most sensitive to structure in the ~80-
250 km depth range. Isotropic phase velocity anomalies vary up to +2.5% from the regional
average velocity. High velocities continue to be observed for northern and central Greenland and
northeastern Canada, although their amplitude decreases with increasing period. Low-velocity
anomalies observed for east Greenland, the Labrador Sea, and Baffin Bay maintain their am-
plitude as periods increase. At these periods, compared to intermediate periods, the anisotropy
in northern Greenland has the same orientation with a lower amplitude, whereas the amplitude
increases in southern Greenland and Baffin Bay. We observe stronger NW-SE anisotropy in
southeastern Greenland and NE-SW in southwest Greenland.

At periods greater than 140 s, the structural sensitivity of Rayleigh waves extends deeper
into the ~200-350 km depth range. The variation of phase velocity anomalies drops to +1%
over Greenland except for eastern Greenland (-2%). Positive velocity anomalies in Greenland
decrease considerably as periods increase beyond 140 s. At these longer periods, the highest
velocity anomaly is located beneath southern Baffin Island. The observed low-velocity anomaly
in eastern Greenland is persistent in this depth range and extends northwards and westwards as
periods increase. Also, weak low-velocity anomalies in the Davis Strait and southern Baffin Bay
are present. Compared to shorter periods, the anisotropy is weaker in northern and southeastern
Greenland, but the orientation is broadly similar; also, the anisotropy in northern Baffin Bay
is stronger and has an E-W orientation. In eastern Greenland, the low-velocity anomaly is ac-
companied by NW-SE-trending anisotropy that becomes increasingly coherent with increasing
period.

2.4 Discussion

Our phase velocity maps are sensitive to structure ranging from the lowermost continental crust
and oceanic mantle lithosphere (~20-30 km depth) through to depth ranges that primarily sample
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Figure 2.7: Fundamental mode Rayleigh wave depth sensitivity kernels for period range 25 s to 100 s (A)
and 120s to 200s (B) (Keilis-Borok et al., 2012).

sublithospheric structure even beneath thick cratonic keels (>250 km depth). We examine the
patterns of phase velocity anomalies and azimuthal anisotropy (Fig. 2.6) in the context of the
assembly and evolution of Precambrian Greenland, Paleozoic and younger orogenic episodes,
rifting and ocean basin formation, and the past and present-day influence of the Iceland plume.

2.4.1 Isotropic Crust and Mantle Structure

In contrast to northern Canada, where tectonic boundaries are clearly visible in surface geology
or potential field maps (e.g., St-Onge et al., 2009; Eaton and Darbyshire, 2010), direct corre-
lation between seismic tomography results and tectonics is challenging on mainland Greenland
due to the presence of the ice sheet. Direct geological sampling is limited to coastal regions and
isolated drill sites or nunataks inland. Potential-field data, previous crustal tomographic studies
and sub-ice geomorphology add some additional constraint, but interpolation is also used to infer
tectonic subdivisions (Dawes, 2009; MacGregor et al., 2024). There is good consensus on tec-
tonic subdivisions in southern Greenland (North Atlantic craton, Ketilidian and Nagssugtoqidian
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orogens), as well as the younger Caledonian and Ellesmerian/Franklinian fold belts in the east
and north respectively. The tectonic subdivisions of Precambrian central-northern Greenland are
more uncertain; Dawes (2009) suggests a set of east-west-trending belts, whereas MacGregor
et al. (2024) infer a more north-south trend, including central regions of unknown affinity. A fur-
ther outstanding question is whether the volcanic rocks of the North Atlantic igneous Province
(NAIP), exposed in west and east Greenland, also continue beneath central Greenland, as sug-
gested by Dawes (2009). Fig. 2.8 provides an overview of the main tectonic boundaries inferred
by Dawes (2009); St-Onge et al. (2009); MacGregor et al. (2024), superimposed on four selected
phase velocity maps, to facilitate our interpretations.

2.4.1.1 Southern Greenland

At periods most sensitive to the crust and uppermost mantle (25-30 s), we observe relatively
lower velocities beneath the Nagssugtoqidian and Ketilidian orogens compared to the North At-
lantic craton, consistent with the thickened crust reported in these areas (Dahl-Jensen et al.,
2003; Darbyshire et al., 2017; Mordret, 2018; Pourpoint et al., 2018b) and with observations in
the Canadian Shield where Proterozoic mobile belts are typically associated with thicker crust
than Archean cratons (e.g., Gilligan et al., 2016; Vervaet and Darbyshire, 2022).

At longer periods, where the Rayleigh waves are largely sampling upper-mantle structure,
we observe the development of a prominent series of high-velocity anomalies beneath much of
southern Greenland, with the exception of the Ketilidian belt in the far south and the east coast
Ammassalik belt, where our phase velocity maps are likely affected by the continental edge.
Previous seismic studies (e.g., Lebedev et al., 2018; Mordret, 2018; Pourpoint et al., 2018a; Celli
et al., 2021) have also imaged high velocities beneath this region, but our resolution allows us
to identify internal heterogeneities in this anomaly for the first time. The position of the highest
velocity anomalies changes with period, but their main extent covers the region from the central
North Atlantic craton to the inferred (Dawes, 2009) trace of the NAIP beneath central Green-
land. At 40-50 s period, the highest velocities are observed north of the Nagssugtoqgidian orogen,
within the southern Rae craton, with a much weaker anomaly beneath the North Atlantic craton.
Between ~55 and 70 s period, high velocities almost equal to the Rae signature are observed
beneath the northern North Atlantic craton, with the Nagssugtogidian orogen forming a band of
relatively lower velocity between them. At 75 s period, the two cores appear to coalesce, form-
ing a high-velocity anomaly that persists to ~140 s period, for which the amplitude gradually
diminishes with increasing period.

We speculate that the Nagssugtogidian orogen exhibits a signature of tectonic reworking re-
lated to the collision between the North Atlantic and Rae cratons, but that this feature is largely
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Figure 2.8: Phase velocity maps at four selected periods with main inferred tectonic boundaries overlaid,
redrawn from St-Onge et al. (2009), Dawes (2009) and MacGregor et al. (2024). On mainland Greenland:
wide magenta lines are high-confidence boundaries common to all interpretations, pink-purple lines are
inferences from Dawes (2009), red lines are inferences from MacGregor et al. (2024), the mauve band is
the proposed trace of the North Atlantic Igneous Province beneath Greenland (Dawes, 2009). Offshore
and in northern Canada, dark blue lines are redrawn from St-Onge et al. (2009). ELL-FR: Ellesmerian-
Franklinian foldbelt, ING: Inglefield mobile belt, CAL: Caledonian orogen, RNK: Rinkian mobile belt,
NAG: Nassugtoqgidian orogen, NAC: North Atlantic craton, KET: Ketilidian orogen.
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confined to the upper lithospheric mantle and likely pinches out at depth. Similar lowered ve-
locities are observed beneath a section of the THO beneath Hudson Bay (e.g., Darbyshire et al.,
2013), though they are a more persistent feature with depth, perhaps along large-scale thrust-
faulting systems. Although the Nagssugtoqidian is considered to be part of the THO system
(e.g., St-Onge et al., 2009), it is a much smaller-scale feature, and not related to preserved juve-
nile Proterozoic material, which may explain its more limited depth extent.

2.4.1.2 Central Greenland

North of the Nagssugtogidian orogen, extending to the inferred northern boundary of the Rinkian
orogen in the west (MacGregor et al., 2024) and to the contact between the Paleozoic Cale-
donidan belt and NAIP in the east (Dawes, 2009; MacGregor et al., 2024), we observe a transition
from slightly below-average phase velocities at 25-30 s period to slightly above-average phase
velocities at 40-60 s period. The area closest to Iceland, where the NAIP outcrops, is a notable
exception, exhibiting a significant low-velocity anomaly at all periods greater than ~30 s. Rel-
atively high velocities, likely associated with cratonic lithosphere, persist in the western half of
central Greenland to ~75 s period. There is no clear signature associated with the Rinkian oro-
genic belt, suggesting that its extent into mainland Greenland is limited, as suggested by St-Onge
et al. (2009); MacGregor et al. (2024).

At periods of ~80-130 s, central Greenland is dominated by a band of average to low phase
velocities, where the amplitude of the negative anomaly increases with increasing period. This
anomaly lies slightly to the north of the inferred trace of the NAIP (e.g., Dawes, 2009) but,
nevertheless, it likely represents a trace of the interaction between the Iceland plume and the
Greenland cratonic lithosphere, which could have been locally eroded or metasomatized as a
result of the plume’s passage beneath the keel. The corridor of lowered phase velocities diverges
from the plume track proposed by Martos et al. (2018) in western Greenland, but aligns with the
hotspot trajectory proposed by Rogozhina et al. (2016).

Low phase velocities in eastern-central Greenland become increasingly prominent as peri-
ods increase beyond ~140 s. The anomaly spreads northwestwards from its centre beneath
the eastern outcrops of the NAIP, eventually extending beneath much of central and central-
northern Greenland. At these periods, present-day asthenospheric structure likely dominates the
phase velocity maps, with peak depth sensitivities exceeding ~150 km (Fig. 2.7), so this promi-
nent anomaly most likely represents warm sublithospheric mantle extending outwards from the
present-day Iceland hotspot.
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2.4.1.3 Northern Greenland

North of the inferred NAIP track, the phase velocity maps at 25-30 s period are dominated
by two large low-velocity anomalies, with the northwestern anomaly also extending into the
Queen Elizabeth Islands. The northeastern part of the eastern anomaly is most likely related to
thick sedimentary sequences in the Danmarkshavn-Thetis basin (Henriksen et al., 2009), where
basin thicknesses are estimated to be ~15-18 km (Laske et al., 2013; Petrov et al., 2016). The
low-velocity anomalies further inland broadly correlate with a region of high surface heat flow
(Rogozhina et al., 2016), which is thought to be causing enhanced basal melting of the northeast
Greenland ice stream.

As periods increase, low-velocity anomalies are replaced by high velocities consistent with
cratonic lithosphere. Detailed tectonic interpretations of the nature of the Precambrian litho-
sphere in inland northern Greenland are challenging due to the lack of consensus regarding tec-
tonic boundaries, but certain features stand out due to the resolution possible from our path
coverage (Figs. 2.2 and 2.4). In the far northeast, high-velocity anomalies extend beyond the
Greenland coastline, almost to the edge of the continent-ocean transition, in contrast to regions
further south where average-to-low velocities extend into eastern Greenland from the Greenland
Sea. Between 57 and 75 s period, the phase velocity maps are dominated by the strongest high-
velocity anomaly in the entire Greenland landmass. The anomaly is spatially correlated with
the Inglefield orogenic belt, but also extends beneath much of the Ellesmerian-Franklinian belt,
suggesting that this fold-and-thrust structure may be a relatively thin-skinned feature, confined
to the crust and underlain by Precambrian lithospheric mantle.

At ~80-100 s period, the amplitude of the Inglefield anomaly decreases, and the northern
Greenland lithosphere is divided into two broad high-velocity belts with relatively lower veloc-
ities between them. The transition correlates approximately with the southern boundary of the
Inglefield mobile belt as inferred by MacGregor et al. (2024). The geometry of the high-velocity
anomalies is consistent with the hypothesis that Greenland was assembled by a series of north-to-
south accretions between cratonic blocks, but more detailed inferences are challenging without
direct information on tectonic boundaries. The high-velocity anomalies become more localized
again for periods >110 s, and gradually fade with increasing period.

We do not see any clear signature in the phase velocity maps that correlates with the surface
extent of the Caledonian orogenic belt in eastern and northeastern Greenland. It is possible that,
similar to our interpretation of the Ellesmerian-Franklinian belt, the Caledonides are a predomi-
nantly crustal feature onshore, as suggested by Hodges (2016), and underlain by cratonic mantle
lithosphere all the way to the continent-ocean transition. An alternative interpretation might be
that the belt extends deeper, but is too narrow onshore Greenland to be distinguished between
the strong cratonic signatures to the west and the strong oceanic signatures to the east, at the
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resolution possible from our path coverage.

2.4.1.4 Northeast Canadian Shield

Baffin Island and the Foxe Basin immediately to the west of the island exhibit low seismic veloc-
ities compared to the neighbouring oceanic regions at 25 s period, consistent with the presence
of continental crust, but this signature rapidly changes to a pervasive high-velocity anomaly con-
sistent with Canadian Shield cratonic lithosphere. The highest velocities are generally located
beneath western Baffin Island and the Foxe Basin, and persist to periods >160 s. The surface
geology of Baffin Island is broadly divided into Rae craton rocks in the north and foldbelts,
batholiths and continental fragments associated with the Trans-Hudson orogen in the south (e.g.,
St-Onge et al., 2009). We do not observe any clear coherent distinction between these units in
our phase velocity maps, though this may in part be due to a gradual loss of resolution in the
west of our study region.

2.4.1.5 Oceanic lithosphere and asthenosphere

At 25 s period, where Rayleigh waves are most sensitive to the ~20-50 km depth range, we
observe a clear distinction between continental and oceanic regions, where the latter exhibit
consistently higher phase velocity. Exceptions are slightly lowered velocity beneath Davis Strait
and a stronger signature of lowered velocity beneath the Greenland-Iceland Ridge, both regions
being associated with thickened crust (e.g., Holbrook et al., 2001; Suckro et al., 2013). Above
35 s period (North Atlantic and Greenland Sea) or 40 s period (Baffin Bay, Labrador Sea), this
pattern reverses, and the oceanic regions are characterised by low-velocity anomalies. In the
west, the strongest contrast between continental and oceanic signatures is observed at ~45-60 s
period. The North Atlantic and Greenland Sea are characterised by the lowest-velocity signatures
(up to -3%), which are pervasive across the entire resolved oceanic region between ~45 and 65 s
period. At longer periods, the Greenland Sea anomaly moderates, and the lowest velocities are
concentrated beneath Iceland, and between Iceland and Greenland, until periods >150 s, where
the anomaly migrates further north and west towards the Greenland coast and interior.

2.4.1.6 Implications for lithospheric thickness and plume-lithosphere interaction
The positive velocity anomalies across Greenland and northeastern Canada are consistent with

the signature of cratonic lithosphere, and their persistence to long periods suggests that the litho-
sphere in these regions is thick. Previous seismic (e.g., Darbyshire et al., 2004; Schaeffer and
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Figure 2.9: Rayleigh wave phase velocity
| anomaly (isotropic and azimuthal anisotropy)
map of Greenland and northeastern Canada at
period 179 s, highlighting the spread of low
phase velocities from the North Atlantic across
eastern and central Greenland.

Period: 179s
Avg C: 4.495 km/s

/2% anisotropy

Lebedev, 2013; Lebedev et al., 2018) and other geophysical (Artemieva, 2019; Steinberger et al.,
2019; Steffen et al., 2018) studies show similar patterns of lithospheric thickness. Artemieva
(2019) estimated lithosphere-asthenosphere boundary (LAB) depth based on a thermal isostasy
method using gravity, heat flow, and seismic datasets. The resulting models suggest a deep
LAB in central-southern Greenland and a shallower LAB in eastern Greenland extending to the
northwest. Our findings agree well with most aspects of this study, except for their shallow
LAB in northwest Greenland where our phase velocity maps suggest a thick cratonic keel in this
region. In Steinberger et al. (2019), the LAB depth interpretation is based on an Arctic tomogra-
phy model, AMISvArc (Lebedeva-Ivanova et al., 2019). Their model suggests that the thickest
lithosphere is located in the far northeast, the far northwest and the central-southern regions of
Greenland, along with northeastern Canada, with the thinnest lithosphere beneath eastern Green-
land, Baffin Bay and the Labrador Sea. Our results are in broad agreement, except for northeast
Greenland where we do not observe strong positive velocity anomalies persisting to long pe-
riods. The model of Steffen et al. (2018) infers effective elastic thickness using gravity and
(rock-equivalent) topography, and suggests that the thickest lithosphere is located in northwest-
ern Greenland and the thinnest in central-eastern Greenland. They do not, however, infer thick
lithosphere in central-southern Greenland, unlike our results that show persistent positive phase
velocity anomalies in this area.

Iceland plume influence in Greenland can be inferred by a variety of seismic signatures on our
phase velocity maps. At periods associated with the lower crust, the low-velocity anomalies in
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central and northwest Greenland (Fig. 2.6) correlate spatially with regions of anomalously high
heat flux inferred at the base of the ice sheet by Rogozhina et al. (2016) and Martos et al. (2018).
These authors suggest that the heightened heat flow is linked to the interaction of the Icelandic
mantle plume with the Rinkian and north Greenland block between ~50 and ~100 million years
ago. The plume may have caused lithospheric heating, erosion and partial melting, including
emplacement of magmatic material at the base of the crust. Between ~57 and 130 s period,
the highest velocity anomalies are broadly divided into a northern and southern section, with a
corridor of lowered velocities in between, becoming more prominent with increasing period. As
discussed above, the alignment of this feature with the coastal signatures of the NAIP suggests
that this feature can be attributed to lithospheric erosion and/or modification related to interac-
tion between the Iceland plume and the Greenland lithospheric keel, similar to the lithospheric
modification associated with other regions of hotspot-lithosphere interaction. At the longest pe-
riods, where asthenospheric signals likely dominate the phase velocity maps, the prominent low-
velocity anomaly extending from Iceland northwestwards into Greenland (Fig. 2.9) is consistent
with the signature of a present-day mantle temperature anomaly. The centre of the anomaly
appears to migrate northwestwards with increasing period, which would be consistent with the
suggestion of a tilted Iceland plume by Celli et al. (2021), though the wide depth range sampled
by our longest periods precludes a more detailed interpretation of plume geometry.

2.4.2 Seismic Anisotropy

Seismic azimuthal anisotropy and its depth variation are related to crust, lithospheric mantle, and
sublithospheric fabrics. These may arise from structural alignments such as dykes and cracks,
mineral alignments associated with tectonic stresses, or mantle convective flow. In the lower
crust, the preferred alignment of anisotropic minerals, such as amphiboles and micas, is primar-
ily attributed to the deformation of metamorphic rocks, resulting in foliation and lineation (e.g.,
Brocher and Christensen, 1990; Meltzer and Christensen, 2001). Depending on the intricacies of
crustal deformation, these alignments can exhibit predominantly 2¢) symmetry or include a 41}
component. Within the lithospheric mantle, deformation processes can lead to a lattice-preferred
orientation (LPO) of olivine (e.g., Silver and Chan, 1988, 1991; Vauchez and Nicolas, 1991;
Karato et al., 2008), where the a-axes align with the direction of deformation, resulting in a dis-
tinctive anisotropic fabric that manifests a 2¢) symmetry in Rayleigh waves. In the asthenosphere,
ongoing mantle convection is believed to be responsible for the mineral alignment of olivine, and
thus, the observed fast orientations are indicative of present-day (or relatively recent) strain.
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2.4.2.1 Southern Greenland

At periods sensitive to the crust and uppermost mantle (~25-35 s), anisotropy appears relatively
weak and incoherent beneath the North Atlantic craton. In contrast, beneath the Nagssugto-
gidian orogenic belt, and extending almost as far north as the suggested trace of the NAIP, we
observe high amplitudes and a consistent NW-SE fast orientation, trending roughly parallel to
the orogenic belt. As periods increase (~40-70 s), the strong anisotropy in this region becomes
progressively weaker, whereas anisotropy increases beneath the North Atlantic craton. Initially,
in this period range, fast orientations are uniformly ~NNW-SSE, but they become more vari-
able, with a NW-SE to NNE-SSW trend in different parts of the craton. Above 75 s period,
anisotropy largely weakens again beneath the North Atlantic craton, while strengthening and
becoming more coherent further north, with a NW-SE trend, until the longest periods when the
anisotropy weakens again. Based on the variations in anisotropy with period, we suggest that the
North Atlantic craton has weak anisotropic fabric in the lower crust, but a more anisotropic, and
likely stratified, lithosphere, as suggested for cratonic regions of northeast Canada.

2.4.2.2 Central Greenland

Anisotropic fast orientations around the inferred NAIP track appear to create a transitional zone
between fabrics in the south and north of Greenland. Between 25 and 35 s period, anisotropy
rotates from NW-SE to N-S as latitude increases, with high amplitudes at the shortest periods.
From ~40-100 s period, this region is predominantly characterized by N-S to NE-SW fabric, with
moderate amplitudes except for a much weaker signal in the centre-east at ~87-100 s period. At
longer periods, we observe a shift to a NNW-SSE orientation which becomes increasingly per-
vasive across both central and northern Greenland. In particular, a strong NW-SE to NNW-SSE
signature begins to develop beneath central-eastern Greenland and spreads further north and west
beneath the mainland as periods increase. At these periods, sensitivity kernels (Fig. 2.7) suggest
that the Rayleigh waves are predominantly sampling depths in excess of 120 km, therefore we
interpret this fabric as LPO arising from present-day asthenospheric flow.

2.4.2.3 Northern Greenland

At the shortest period in our study (25 s), central and northern Greenland exhibit strong anisotropy
with a N-S to NW-SE trend. However, this pattern rapidly changes to a pervasive E-W trend, with
weak anisotropy at 29-35 s that strengthens significantly and then persists to ~120 s period. This
orientation rotates gradually to a more NE-SW orientation in the vicinity of the Rinkian mo-
bile belt. Beyond ~120 s, anisotropy in northern Greenland becomes less spatially coherent,
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with variable amplitudes and fast orientations. These anisotropy patterns suggest that the lower
crust of northern Greenland may have a fabric completely distinct from that of the lithospheric
mantle with its pervasive E-W fabric. The broadly N-S fabric observed at 25 s period has some
consistency with the strike of the tectonic boundaries interpreted by MacGregor et al. (2024),
whereas E-W fabric in the lithospheric mantle is more consistent with a broad-scale north-to-
south tectonic assembly of Precambrian northern Greenland as suggested by Henriksen et al.
(2009). Magnetic anomaly patterns, which may be expected to reflect crustal fabric, are strong
but not particularly coherent in northern Greenland (Meyer et al., 2017), with the exception of a
strong WNW-ESE trending lineament beneath the Inglefield mobile belt, consistent with short-
period anisotropic orientations in this region. The persistence of the E-W trend from ~40 to
almost 130 s period suggests that the northern Greenland lithosphere has an almost uniform de-
formational fabric, with little stratification. This character contrasts with many regions of the
Canadian Shield to the west and south (e.g., Darbyshire et al., 2013; Petrescu et al., 2017), but is
also observed beneath the western Superior craton (e.g., Foster et al., 2020), where the pervasive
anisotropy is thought to be the result of north-south accretion of Archean terranes.

The E-W fast orientation persists all the way to the east coast, and directional changes do
not correlate spatially with the surface expression of the Caledonian orogenic belt. Instead, N-S
trending anisotropy is visible beneath the northeast Greenland continental shelf, with the coast-
line marking this abrupt change in orientation. Within the limits imposed by path coverage and
model resolution, we speculate that this observation provides further evidence that the Caledo-
nian orogenic belt onshore is a thin-skinned crustal feature (e.g., Hodges, 2016). In this scenario,
lithospheric-scale orogen-parallel fabrics are only prevalent in the coastal and offshore areas,
where Schiffer et al. (2014) interpreted an eastward-dipping structure persisting to ~100 km
depth as a relict of subduction associated with the Caledonian-Appalachian orogeny.

2.4.2.4 Baffin Bay, Labrador Sea and Baffin Island region

At periods below ~140 s, anisotropic fast orientations in northern Baffin Bay range from NNW-
SSE to NE-SW, with variable coherence and amplitude. For most of this period range, they are
distinct from the stronger, more coherent NE-SW trending anisotropy beneath southern Baffin
Bay, the Davis Strait and central Baffin Island. Even at short periods, we do not observe any
clear evidence for spreading-parallel fabrics in these northern rifted regions between Canada
and Greenland. Beyond ~140 s period, anisotropy is strong across Baffin Bay and western
Baffin Island, with a predominantly E-W to ESE-WNW orientation. In the northern Labrador
Sea, anisotropy trends E-W at the shortest periods, which could tentatively be interpreted as
preserved spreading-parallel fabric. From ~40-50 s period, Labrador Sea anisotropy is weak
and incoherent, but reorganises to a pervasive NW-SE to NNW-SSE fast orientation that persists
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through to the longest periods in this study.

2.4.2.5 The North Atlantic and Greenland Sea

Although our path coverage is less dense in this region than beneath Greenland, the rotated-
anisotropy resolution test (Fig. 2.5) suggests that the large-scale anisotropy orientations are ro-
bust for Iceland and the Greenland Sea. Azimuthal path coverage is poor south of Iceland, how-
ever, and as a result we do not interpret the observed anisotropy patterns. Anisotropy is weak at
the shortest periods but strengthens significantly as periods increase, consistent with the strong
low-velocity anomalies observed on the isotropic component. N-S fast orientations dominate at
most periods from ~40 to 140 s in the Greenland Sea, rotating to NE-SW beneath Iceland and
the Greenland-Iceland Ridge. At the longest periods, the anisotropic signal beneath much of
the Greenland Sea and Iceland becomes weaker and less coherent. Instead, the area northwest
of Iceland appears to become the origin point for the strong NW-SE trending anisotropy that
penetrates beneath central-eastern Greenland.

2.4.2.6 Comparison with previous studies

In contrast to the isotropic structure, where different surface wave and ambient noise tomographic
studies show many common features within the limits imposed by data coverage and differences
in methodology, agreement between inferences of anisotropic structure remains elusive. Our
results have partial agreement with those of previous regional-scale studies (e.g., Levshin et al.,
2001; Pilidou et al., 2004; Darbyshire et al., 2017), but there are also some significant differences,
such as the strong E-W fast orientations in northern Greenland, and the ridge-parallel anisotropy
in the Greenland Sea. Seismic anisotropy inferences beneath mainland Greenland can also be
compared with the SKS splitting studies of Ucisik et al. (2005, 2008) and Nathan et al. (2021).
Direct comparison is challenging due to the depth resolution of the two methods, where SKS
splitting measurements represent a cumulative effect from wave propagation through the entire
mantle; however, both sets of studies suggest depth-dependent anisotropy beneath Greenland,
with both ‘fossil’ lithospheric fabric and present-day mantle flow playing a role. Dominant SKS
splitting orientations display significant spatial variability across Greenland, which is consistent
with a lithospheric component to the anisotropy. We observe partial agreement between our
anisotropy orientations and those inferred by the SKS splitting studies; however, we note that
there is also significant disagreement between the SKS studies. Using their larger dataset, Nathan
et al. (2021) observed back-azimuthal variation at most of the stations on Greenland. They
compiled the results to model dipping two-layered anisotropy across Greenland, with a NE-SW
trend for the shallower layer and a NW-SE trend for the deeper layer, interpreted as lithospheric
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and asthenospheric fabric, respectively. We resolve more spatial variability than this approach,
but we note that the NW-SE orientation also dominates our phase velocity maps at long periods,
where direct comparisons between the studies are likely more valid due to the large depth range
sampled by Rayleigh waves at these periods (Fig. 2.7). Multiple and/or dipping anisotropic
layers are also inferred for northern Canada by SKS splitting (e.g., Bastow et al., 2011; Snyder
et al., 2013; Liddell et al., 2017) and surface wave tomography (Darbyshire et al., 2013) studies.
The observed anisotropy was interpreted in the context of Precambrian plate-tectonic processes,
notably those associated with the Trans-Hudson orogen and the related interactions between the
Superior and Churchill plates as well as juvenile Paleoproterozoic material and Archean cratonic
fragments preserved within the collision zone.

2.4.2.7 Implications for Lithospheric Structure and Mantle Flow

One of the main challenges in interpreting anisotropy in our study region is due to the significant
changes in lithospheric thickness between the modern-day North Atlantic / Greenland Sea, the
oceanic lithosphere above the failed rifts in Baffin Bay / Labrador Sea, and different parts of the
Greenland landmass where cratonic lithosphere appears thick and well-preserved in the north and
south, but eroded in central Greenland. These large variations mean that, at a given period, the
proportion of ‘frozen’ lithospheric anisotropy versus fabric associated with active mantle flow
varies significantly across the region. In regions where the lithospheric keel is best preserved,
only the longest periods in our study are capable of sampling anisotropy that arises purely from
asthenospheric flow. In addition, variations in lithospheric thickness can have a significant effect
on patterns of mantle flow, leading to localised perturbations such as those inferred around the
“divot” in the lithospheric keel in southeast Canada (Eaton et al., 2004; Fouch et al., 2000; Fouch
and Rondenay, 2006; Frederiksen et al., 2006), or to the development of significant edge-driven
convection associated with suboceanic mantle flow meeting an abrupt lithospheric step at a con-
tinental edge (e.g., Brunsvik et al., 2021). Plume-ridge and plume-lithosphere interaction also
both likely play an important role in developing sublithospheric flow and associated anisotropic
fabric (Brunsvik et al., 2021).

Lithospheric Fabric

At periods primarily sensitive to lithospheric depths beneath Greenland and northeast Canada,
seismic anisotropy patterns preserve a record of past deformation processes associated with the
assembly and subsequent tectonic evolution of the Laurentian continent. The preserved fabric is
likely associated with the most recent tectonic event to have affected the lithosphere, with older
deformation fabrics partially or entirely overprinted. Unlike some of the SKS splitting studies
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carried out across our study region (e.g., Liddell et al., 2017; Nathan et al., 2021), we cannot
resolve dipping anisotropic layers, but the orientations of azimuthal anisotropy provide insight
into the horizontal component of lithospheric deformation.

Precambrian Greenland, like North America, is dominated by collisional tectonics. In gen-
eral, anisotropic fabric follows lithospheric deformational structures in orogenic belts which, at
the surface, are characterised by fold-and-thrust belts, shear zones and evidence of pervasive
reworking. On Greenland, these features are directly observed where the orogenic belts are ex-
posed at the coasts (e.g., van Gool et al., 2002; Henriksen et al., 2009), and further evidence is
visible via magnetic anomaly patterns associated with the Nagssugtoqgidian and Inglefield mo-
bile belts (Meyer et al., 2017). E-W trending anisotropy in northern Greenland, under a regime
of modern-style plate tectonics, would be consistent with north-south subduction, collision and
terrane accretion episodes. The anisotropy resolved on Baffin Island is relatively weak com-
pared to Greenland. Nevertheless, at lithospheric depths, changes in fast orientation appear to
correlate with known tectonic subdivisions, including a significant difference between the Rae
craton in northern Baffin and the central-southern foldbelts which have previously been inter-
preted (e.g., Snyder et al., 2013; Liddell et al., 2017) as plate-scale collisional features related to
the Trans-Hudson orogen. Orogen-parallel fabrics would also be expected for the east Greenland
Caledonides and for the Ellesmerian-Franklinian foldbelt in the far north. Since the strike of
the northern foldbelt is parallel to the anisotropic fabric beneath Precambrian northern Green-
land, we cannot distinguish the two structures by an anisotropic signature. As discussed in
Sec. 2.4.2.3, our anisotropy results are only consistent with the north-south trend of the Caledo-
nian belt offshore northeast Greenland, suggesting that the surface expression of the orogen is
not a lithospheric-scale feature onshore.

The most recent tectonic events to play a role in our study region are the rifting and sea floor
spreading that gave rise to Baffin Bay, the Davis Strait and the Labrador Sea, as well as the ar-
rival of the Iceland plume beneath Greenland, leading to magmatism, lithospheric erosion and
North Atlantic breakup. Clear evidence of anisotropic fabric directly associated with Canada-
Greenland breakup remains elusive. Assuming a lithospheric thickness of ~50-60 km beneath
central Baffin Bay and ~120 km beneath Davis Strait (Steinberger et al., 2019) and considering
Rayleigh wave sensitivity kernels, a component of the coherent NE-SW anisotropy could be as-
sociated with rifting. This orientation is, however, also parallel to Precambrian orogenic belts
correlated across the Davis Strait from southern Baffin Island to southwest Greenland, so a par-
tial rift-related overprint of an existing Precambrian fabric could also explain our observations.
Beneath central Greenland, the corridor of relatively low phase velocities between the north-
ern and southern cratonic cores is also accompanied by anisotropic orientations that are distinct
from those to the north and south. While not the only potential explanation, perturbation of older
anisotropic fabric by plume-related lithospheric erosion and modification is a plausible source
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for this observation.
Mantle Flow and Influence of the Iceland Plume

In our study region, at a large scale, mantle flow is likely dominated by a combination of (i)
divergence related to mid-ocean ridge dynamics and (ii) the effect of the Iceland mantle plume.
Global geodynamic models (e.g., Marquart et al., 2007; Simmons et al., 2010; Colli et al., 2018;
Lu et al., 2020) provide a lower spatial resolution than this study, and inferences of regional-
scale flow fields have a strong dependence on assumptions about the viscosity structure of the
mantle, with most models based on 1D viscosity profiles. Nevertheless, a common feature of
such models is a strong horizontal component of mantle flow radiating outwards from the centre
of the Iceland hotspot, which produces a northwestward flow direction extending from Iceland
and penetrating beneath Greenland. We observe similar orientations in long-period anisotropy
for this region, suggesting that mantle flow related to the Iceland plume is a major contributor
to seismic anisotropy at depth beneath Greenland. Further away from the Iceland hotspot, direct
comparison of anisotropy orientations with mantle flow patterns becomes less clear. Notably,
the strong NW-SE anisotropy gives way to more variable trends and weaker amplitudes at the
longest periods beneath northern Greenland. This change in character may be explained in part
by the perturbation of the plume-related mantle flow by its interaction with the thick northern
Greenland lithospheric keel, as suggested by Nathan et al. (2021).

At a wide range of periods beneath the Greenland Sea, we observe anisotropic fast orienta-
tions that are parallel to the strike of the Mid-Atlantic Ridge. Although our model resolution
diminishes in this region compared to mainland Greenland and the Baffin region, our resolution
tests (Fig. 2.5) suggest that this feature is robust at a large scale. Globally, seismic anisotropy
is typically observed with a spreading-parallel (ridge-perpendicular) orientation near mid-ocean
ridges (e.g., Schaeffer et al., 2016). However, this flow direction may be significantly perturbed
in the presence of a mantle plume, especially if the plume viscosity is low and the spreading
rate is slow. In these cases, a significant component of along-ridge channelling of mantle flow
is inferred, resulting in ridge-parallel anisotropy (e.g., Albers and Christensen, 2001; Ito et al.,
2003, 2014), as observed here.

2.5 Conclusion

In this study, we generate new high-resolution Rayleigh-wave phase-velocity maps encompass-
ing Greenland and northeastern Canada by processing over three decades of teleseismic earth-
quake records and incorporating recently added stations in Greenland and Arctic Canada. Our
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maps are sensitive to depths from the lower crust down to the sub-lithospheric mantle and show
significant lateral variations at all periods (25-185 s).

Our findings reveal the presence of significant heterogeneity and a strong correlation of
isotropic and anisotropic velocities with known and inferred geological structures. At short peri-
ods (~25 s), sensitive to the lower continental crust, we observe marked velocity and anisotropy
variations across Greenland. In the south, there is a clear tectonic correlation, where the North
Atlantic craton shows higher velocities and weaker anisotropy than the Nagssugtogidian and
Ketilidian orogenic belts. The Nagssugtoqgidian belt exhibits strong orogen-parallel anisotropy,
which also persists to periods sensitive to the continental lithospheric mantle. In northern Green-
land, we observe two zones of lowered phase velocity, one beneath the Inglefield mobile belt
in the northwest, and the other extending inland from the deep sedimentary basins offshore to a
zone characterized by high heat flow. In the regions surrounding Greenland, there is clear dis-
tinction between the high phase velocities of the oceanic upper mantle and lower velocities in
zones of thickened crust such as the Greenland-Iceland Ridge and the Davis Strait.

At periods sensitive to continental upper mantle depths, we identify two zones of high-
velocity anomalies beneath Greenland, one in the south and one in the north, likely indicating
the thick, cold, depleted cratonic root. Between these two zones lies a corridor of reduced phase
velocities which correlates spatially with the proposed interaction between the Iceland mantle
plume and the Greenland lithosphere ~100-50 Ma ago, and the outcrops of Paleogene volcanics
on the east and west coasts. We interpret this feature as the signature of lithospheric erosion
and modification due to the passage of the plume and associated upwelling of hot asthenospheric
material beneath the Greenland keel. Lower velocities underly the Baffin Bay / Labrador Sea
region, where Greenland rifted off from the rest of Laurentia in the early Paleogene. The lowest
velocities are found beneath Iceland, the North Atlantic and the Greenland Sea. At these periods,
the Iceland / Greenland Sea region also exhibits strong anisotropy consistent with the channelling
of plume flow along the Mid-Atlantic Ridge.

Within the cratonic keel, we infer subdivisions that provide new clues to the tectonic history
of Greenland. Our high-resolution model results in a detailed image of the internal structure
of both the southern and northern portions of the keel. In the south, the Nagssugtogidian oro-
genic belt exhibits slightly lower velocities than those of the cratonic cores (North Atlantic and
Rae) on either side. However, this feature is only visible until ~75 s period, suggesting that the
lithospheric expression of the orogen may pinch out at depth, with a full terminal collision be-
tween the two Archean cores in the lower lithosphere. The North Atlantic also shows variations
in anisotropic fast orientation with period, suggesting lithospheric stratification. In the north, a
large, localized zone of high velocities is dominant at ~57-75 s period, but this gives way to a
north-south division into two high-velocity anomalies that span the width of Greenland, visible
to >100 s period. At all periods from ~40 to 120 s, the entire northern part of Greenland ex-

54



hibits persistent E-W trending anisotropy. This orientation is broadly consistent with the notion
of the Greenland shield being assembled through a series of north-south collisions and terrane
accretions. Intriguingly, the progression of anisotropic fast orientations in northern Greenland
from N-S in the lower crust to E-W in the mantle suggests that the crust and the lithospheric
mantle may be decoupled in terms of structural fabric and deformation, contrasting with Cana-
dian cratonic regions, in which anisotropy has largely been interpreted as a coherent plate-scale
process.

We do not observe a clear distinction in isotropic or anisotropic signature between the cra-
tonic lithosphere and the Phanerozoic fold belts in northern and eastern Greenland. The Ellesmerian-
Franklinian fold belt does exhibit orogen-parallel anisotropy, but this is difficult to separate from
the broader-scale E-W trend across the northern Greenland keel. In the east, the change in
anisotropic fast orientation from E-W (perpendicular to the Caledonian orogen) to N-S (orogen-
parallel) occurs at the Greenland coast instead of following the onshore expression of the fold
belt. We speculate that these fold belts are characterized by thin-skinned tectonics onshore, with
a more significant lithospheric-scale signature for the Caledonian orogen being restricted to the
continental margin offshore.

From ~35 to 130 s period, the lowest phase velocities in our study region are centered beneath
Iceland, consistent with the influence of the Iceland hotspot. As periods increase, the centre of the
low-velocity anomaly shifts northward and extends northwestward to underly large areas of east-
ern Greenland. The low velocities are also accompanied by strong NW-SE trending anisotropy.
Since periods of >140 s are predominantly sensitive to depths greater than the inferred extent of
the Greenland lithospheric keel, particularly in the east and centre of the landmass, this feature
is likely due to present-day mantle flow associated with a possibly tilted Iceland plume. High
temperature asthenospheric material appears to flow outward from the plume centre, extending
predominantly beneath regions where the Greenland lithosphere had already been eroded by past
plume activity. Mantle flow patterns beneath our study region are, however, likely more com-
plicated than either a simple radial flow from the plume or a simple divergence outward from
the mid-ocean ridge, as variations in lithospheric thickness can create localized perturbations in
mantle flow and small-scale convection. More detailed analysis based on depth-dependence of
anisotropy and geodynamic models incorporating lateral viscosity variations will be necessary
to resolve these phenomena.
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2.7 Data Availability

All seismic waveform data used in this study are available from [RIS Data Management Center
and the Canadian National Data Center (CNDC). See Table A2.1 in Appendix section for de-
tails of the seismograph networks used. Also, the Rayleigh wave phase velocity model data is
available from here.

2.8 Appendix A2

This supplementary material presents additional information to support the primary text, such as
the seismograph stations utilized and the coverage of ray paths connecting these stations across
the regions of Greenland and eastern Canada. As an illustrative example, we present one of the
final dispersion curves depicting the average seismic phase velocity between stations FRB and
POIN. Four other examples are also shown to illustrate regional variability. We show tests made
to select the optimal resolution parameters for the inversion, which are chosen based on the best
compromise between model roughness and variance reduction. In addition, we provide visual
representations of the corresponding isotropic and anisotropic phase velocity models resulting
from this parameter selection. To comprehensively evaluate the robustness of our approach, we
undertake additional resolution tests on various geological structures. These tests are performed
to assess the accuracy of the generated models for different synthetic structures. Finally, we
present a comprehensive array of phase velocity maps spanning the range from 25 to 185 seconds
of periods. These maps serve as a reference, encapsulating the results of our analysis across this
spectrum of wave periods.

» Text and Table A2.1. List of seismograph stations used in this study
» Text and Fig. A2.1. Maps of ray path coverage for short, intermediate, and long periods
» Text and Fig. A2.2. Measured dispersion curves between stations FRB and POIN

» Text and Fig. A2.3. Various measured dispersion curves
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Text and Fig. A2.4. The trade-off between data fit and model roughness

Text and Fig. A2.5. Effect of regularization parameters on isotropic phase velocity
Text and Fig. A2.6. Effect of regularization parameters on anisotropic phase velocity
Text and Fig. A2.7. Resolution tests with different patterns

Text and Fig. A2.8. Phase velocity maps with 21/ anisotropy
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Text A2.1 (Table). This table provides a short overview of the seismograph stations used in
this study. It contains information about the geographical location, the operation time, and the
network.

Text A2.1 (Figure). Phase velocity dispersion curves (PVDC) can be measured at a given station
pair for any earthquake on a common great-circle path with respect to the two stations. Depend-
ing on the earthquake-station distance, the frequency content of the surface wavetrain can vary,
with closer earthquakes yielding shorter-period signals and more distant earthquakes dominated
by longer periods. Given the heterogeneous distribution of both stations in the study area and
earthquakes worldwide, care must be taken to ensure that the final dataset contains a wide range
of wave periods and that surface wave period limits are similar for the different station pairs. Az-
imuthal bias can be introduced if multiple station pairs sample very similar structures due to their
location, so the dataset is chosen to reduce such duplication. In addition, we avoid inter-station
or earthquake-station distances that are too short or too long to respect the approximations used
in the inversion (e.g., the great-circle ray approximation). Careful selection of events leads to a
PVDC dataset with similar inter-station ray path coverage at all periods, allowing us to use the
same regularization parameters and resulting in similar inversion accuracy and model resolution.
The figure shows path coverage at periods of 25, 61, 122 and 185 s, all with similar numbers of
ray paths.

Text A2.2. The PVDC is generated from the cross-correlation of the recorded seismic waves
at the two stations, and the dispersion characteristics are related to the average structure along
the inter-station path. For each station pair, phase velocity measurements are made for all in-
dividual earthquakes that meet the great-circle path criterion, resulting in a few tens of curves
with different but overlapping period ranges. The individual curves are averaged to estimate a
single representative PVDC for the station pair, as shown in Fig. A2.2-a. However, some indi-
vidual curves may have errors and kinks related to spectral instabilities, resulting in artifacts in
the initial averaged curve, so subsequent quality control is carried out in which spurious curves
are removed in order to refine and smooth the final PVDC (Fig. A2.2-b).

Text A2.3. The generated PVDC from the cross-correlation of the recorded seismic waves is
highly dependent on the location and the distance between stations, and the path seismic waves
travel through. Fig. A2.3 represents four different station pairs PVDC for A) from western
Europe (NSS) to central Greenland (SUMG) going through the mid-oceanic ridge, B) a long
distance from the North Sea (SOFL) to Ellesmere (EUNU), C) a long distance from eastern
Canada (BLKN) to central Greenland (ICESG), and D) for path through eastern Ellesmere (ALE)
to southwestern Greenland (NUUK). In Fig. A2.3-A), due to the long distance and going through
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MOR, only a few PVDCs were generated. Although the final averaged PVDC (the red line) is
smooth and continuous, the reliability of this PVDC is low due to low samples. In Fig. A2.3-B),
which is the longest pair, the generated PVDCs are noisier and represent higher variability. In this
case, although the averaged PVDC is a smooth curve, the uncertainty of the final PVDC is higher.
In Fig. A2.3-C), like (A), the number of PVDC samples is low due to the long distance and
location of the ICESG station on the thickest ice in Greenland. In Fig. A2.3-D), enough samples
of PVDC generate a reliable PVDC in western Greenland. All of these four PVDC pairs capture
only intermediate and long periods and short periods are removed due to low SNR. In fact,
the short periods in these paths are provided by complimentary short-distance pairs overlapping
long-distance pairs to generate short to long-period PVDCs after inversion.

Text A2.4, A2.5, A2.6. Selecting regularization parameters (damping and smoothing) is a sub-
jective matter. This process is a trade-off between the model’s capability to explain the data,
which is usually interpreted as the variance reduction or the output roughness, and how much
of this variation is geologically explainable. We address this subject in two steps: first, find
approximate values for smoothing and damping based on the trade-off L_curve. Then, choose
the final values by investigating the phase velocity maps visually. Fig. A2.4 shows the trade-
off curves by keeping the gradient damping constant and varying smoothing and norm damp-
ing for isotropic and anisotropic components at 60 s period. Fig. A2.5 and A2.6 illustrate the
isotropic and anisotropic components of the phase velocity models after the first regularization
parameter selection. The smoothing parameter in these figures varies vertically, whereas the
damping parameter varies horizontally. It is observed that there are higher variations in isotropic
and anisotropic components with lower smoothing and damping (top-left corner), and the vari-
ations decrease with higher smoothing and damping (bottom-right corner). Here, we need to
select damping and smoothing parameters carefully in order to find the best compromise be-
tween model fit and realistic resolution of structure.

Text A2.7. Resolution tests assess the ability of the model to resolve structures with different
shapes and sizes. In the main text, synthetic structures with small, medium, and large sizes
are provided, and here we add structures with different shapes and sizes and test the model
for intermediate and long periods (61s and 151s). In Fig. A2.7, we observe that the model is
unable to resolve small structures, especially in the northeast (first row). For the second row,
the recovered signal correlates with synthetic input, and the model can recover it, although the
recovered shape is not exact. The stripes are well recovered in the last row except for the Queen
Elizabeth Islands, where the ray path density is insufficient.

Text A2.8. We provide a set of 18 isotropic phase velocity maps for periods from 25 to 185
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seconds to illustrate in more detail the transitions in structure with depth (i.e., with an increasing
period).
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Table A2.1: List of seismograph stations used in this study. Channels HH, BH, and LH represent seismo-
graph sampling rate and stand for High broad band, Broad band, and Long period.

Network  Station Code  Channel Latitude Longitude Elevation (m) Operation

CN CLRN HH 70.4743  -68.5871 10 2019-present
CN EUNU BH 80.0532  -86.4158 620 2008-2019

CN FRB BH 63.7469  -68.5451 30 1992-present
CN ILON HH 69.3712  -81.8243 50 2018-present
CN KUQ HH 58.109 -68.4113 50 2018-present
CN POIN HH 72.7012 -77.962 20 2018-present
CN RES BH 74.6892  -94.8962 20 1992-present
CN SAKN HH 56.5359  -79.2324 0 2014-present
CN FCC HH 58.7592  -94.0884 20 2019-present
CN BLKN HH 64.3185  -96.0024 40 2017-present
CN KUKN HH 67.8227  -115.0897 50 2018-present
CN SCHQ BH 54.8324  -66.8332 500 1994-present
CN INK BH 68.3065 -133.5254 40 1992-present
CN NATG HH 50.2872  -62.8102 0 2005-2017

CN DRLN BH 49.2562  -57.5032 240 1993-present
CN SINN HH 47.5951 -52.678 140 2005-present
DK ANGG BH 65.6163  -37.6371 10 2010-present
DK DBG HH 74.3071 -20.2193 0 2010-present
DK DY2G HH 66.4796  -46.3094 2130 2011-present
DK ICESG HH 69.0922  -39.6474 2930 2011-present
DK ILULI HH 69.2121  -51.1048 50 2009-present
DK KULLO HH 74.5805  -57.2201 40 2009-present
DK NOR HH 81.6 -16.6833 40 2002-present
DK NRS HH 61.1595  -45.4188 80 2009-present
DK NUUG HH 71.5384  -53.1996 40 2010-present
DK NUUK HH 64.1838  -51.6679 110 2010-present
DK SCO HH 70.4833 -21.95 70 1999-present
DK SOEG HH 68.2035  -31.3755 180 2011-present
DK TULEG HH 76.5374  -68.8238 40 2000-present
DK ISOG BH 65.548 -38.9754 10 2007-present
DK FFBG BH 82.1294  -56.0338 30 2004-2006

DK CFJ BH 83.0835  -28.3208 60 2004-2007

DK SUMG BH 72.5763  -38.4539 3240 2000-present
DK NGR BH 75.001 -42.3148 2960 2000-2003

GE DAG BH 76.7713 -18.655 20 1999-present
GB SOFL HH 62.0685 -6.9658 720 2007-present
GG SE1 BH 63.2485  -42.0349 20 2016-present
II ALE BH 82.5033 -62.35 60 1990-present
I BORG BH 64.7474  -21.3268 110 1994-present
KP UPNV HH 72.7829  -56.1395 40 2013-present
NO BRBA HH 78.0588 14.2191 310 2010-present
NS LOF HH 68.1325 13.5398 310 2011-present
NS HAMF HH 70.6425 23.6841 310 2010-present
NS NSS HH 64.5303 11.9658 310 2009-present
U SFID BH 66.9961  -50.6208 330 2005-present
X5 PNGN BH 66.1435  -65.7115 30 2007-2011

G IVI LH 61.2058  -48.1712 10 2011-present
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Figure A2.1: Maps of ray path coverage for short, intermediate, and long periods. Blue lines show the
ray paths and yellow triangles show seismograph stations. The ray path numbers are 438, 432, 430, and
420, respectively, after removing the outliers.
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Figure A2.2: Phase velocity dispersion curve measured between stations FRB and POIN. A) Gray lines
are the calculated phase velocities between FRB and POIN (the path is shown in the right panel) for
different earthquakes, and the red line is the average of these PVDCs. B) The red line and pale red

shading show the refined averaged PVDC and its uncertainty overlaid on the reference model dispersion
curve (black dashed line).

63



SUMG - NSS

velocity, km/s
-
o
s

3.50 ¢
3.25 ¢ A) /

EUNU - SOFL

velocity, km/s
&
o
S

18)

BLKN - ICESG
5.00

102

4500 3000 -1500 0
Elavation

1500 3000

NUUK - ALE

200W

Networks
Acn

A bk
A 11 KP.NONSIUX5.G

4.75
450
E 4251
=
2 4.00 4
El
2 3751
g
3.50 -

3.25 4 c)

3.00

D)

10!
periods (s)

102

10!

periods (s)

102
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Figure A2.4: Trade-off between data fit and model roughness at 60 s period. Solid lines represent resid-
ual variance, and dashed lines show the model norm. Left panels correspond to the isotropic component,
whereas the right panels relate to the anisotropic component. The first approximate regularization param-

0.3

0.25

0.27

o
=

0.6

0.4

o
N}

Varying isptropic Smoqthing, 60s

isotropic Roughness

eters are selected in the knee of the L_curves.

62
Anisotropic Smoothing,0.5
Anisotropic Smoothing,1 |- g1
Anisotropic Smoothing,1.5
60
59
158
157
' ' 56
50 100 150
isotropic Roughness
Varying isotropic Damping, 60s 100
Anisotropic Damping,0.5
Anisotropic Damping,0.75
Anisotropic Damping,1.5 | | 80
160
140
02 ()
; ' 0
50 100 150

65

Varying An‘isotropic Smoothing, 60s

0.3 62
5.34 Isotropic Smoothing,0.25
0.28X, Isotropic Smoothing,0.5
" Isotropic Smoothing,0.75/| | 60
0.26

0.24 |

0.22F

0.27

0.18

0.16

Anisotropic Roughness

0.87

0.6

0.4}

0.2

Varying Anisotropic Pamping, 60s

Anisotropic Roughness

120
— |sotropic Damping,0.5
Isotropic Damping,0.75| | 100
Isotropic Damping,1.5
'''' 180
v 160
140
.16
----------- 120
: - : 0
0 20 40 60 80 100

norm

norm



“dals ¢'0 PIM 69 01 GO'Q WO saLrea Jejoweled Funyoows ay) ‘wonoq o) doy woiy pue
‘dars 10 Yim ¢ 01 [0 woly seueyd Jojowered Surdwep ay) (mol yoea) WYILI 03 o[ woL] ‘sg9 porrad
Joj s1ajowrered uonezuensal arewrxoidde 151y ayy uo paseq sdewr A3oo[aa aseyd ordonosy :§ 7y 2an3iq

110620 4




da1s 7°0 Y G8°() 01 SH°() W0y sarreA Jojoweled Jungoows ay) wopoq o) doy woiy pue ‘days
1°0 YIm GZ°0 01 GO°0 woij sadueyd 1ojowered Surdwep ay) (Mol yord) WS 0) 3J9] wol ‘sO9 porad 10j
s1ojowrered uonezuensar ajewrxoidde 1s1yg ayy uo paseq sdewr Arooraa oseyd ordonosmy :9°7y NS

QgL

80£98€°0



s
T
o

7/ 2% anisotropy

o_

dC/C (%)

Figure A2.7: Resolution test with small to large synthetic patterns. Left: input model, middle: resolved

right: resolved patterns at 151 s period.
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Figure A2.8: Phase velocity maps for periods between 25 and 185s with 2¢) anisotropy. The phase
velocity perturbation is expressed relative to the average phase velocity in each period mentioned in the
white box.
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Chapter 3

Thermochemical State of the Upper
Mantle Beneath Greenland and
Northeastern Canada From
Multi-Observable Probabilistic Inversion

3.1 Introduction

Our knowledge of solid Earth properties in the Greenland region is limited due to the fact that
the majority of the island is covered by an ice sheet reaching ~3 km thick in central regions.
Therefore, other than a few locations where the ice sheet has been drilled through to the un-
derlying rock, only the ice-free coastal regions can be accessed directly. Consequently, current
knowledge of Earth structure in Greenland is inferred by indirect methods and geophysical mod-
elling (e.g., Bamber et al., 2001; Brooks, 2011; Dawes, 2009; van Gool et al., 2002; Artemieva,
2019; Darbyshire et al., 2017; Mordret, 2018; Pourpoint et al., 2018b; Rogozhina et al., 2016;
Steffen et al., 2017, 2018; Voss and Jokat, 2007; Voss et al., 2009). Improving our knowledge of
subsurface structure in northeastern Canada and Greenland would provide valuable insight to the
tectonic history (Artemieva, 2019; Darbyshire, 2003; Darbyshire et al., 2017; Pourpoint et al.,
2018b; Schaeffer and Lebedev, 2014; Schiffer et al., 2022; Toyokuni et al., 2020) and related
mantle dynamics (e.g., Afonso et al., 2019; Lebedev et al., 2018; Schaeffer et al., 2016; Steffen
et al., 2018). Furthermore, improved estimates of Earth properties such as density and tempera-
ture will result in better models of Earth rheology (e.g., Wouters et al., 2013) and more accurate
calculations of the isostatic response. This will enable improved reconstructions/simulations of
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past/future ice sheet evolution (Wake et al., 2016; Edwards et al., 2021) and, consequently, im-
proved determinations of past and future sea-level changes (Zeitz et al., 2022; Lecavalier et al.,
2014; Wake et al., 2016).

Earth structure in Greenland have been studied from different perspectives such as seismic
tomography, surface heat flow (SHF), gravity, and joint inversion of multiple geophysical data
sets. These methods have unique sensitivities to Earth structure and provide complimentary real-
izations. Despite the importance of each method and data in providing helpful information about
Earth properties, they have limitations due to their inherent methodologies or the difficulty of ap-
plication related to the study region. One of the above-mentioned methods that has been pivotal
in constraining Earth structure in Greenland is seismic-related studies. As detailed below, seis-
mic tomography, ambient noise, receiver function analysis, and shear wave splitting have been
performed for decades to gain knowledge about the lithospheric and crustal structure of Green-
land and northeastern Canada. However, despite the harsh environment in Greenland, installing
and maintaining seismic equipment is challenging and hampers data collection and future mod-
elling. Consequently, the resulting seismic models often have low resolution (global models)
or gaps in specific regions (regional models). There are several global tomography models (e.g.,
Ekstrom, 2011; Larson and Ekstrom, 2001; Ritzwoller et al., 2001, 2002; Schaeffer and Lebedev,
2013; Schaeffer et al., 2016; Simmons et al., 2010) that provide information about Greenland’s
lithospheric and mantle structure. Still, the inability to capture variations at scales of a few 100
km due to the low resolution limits the utility of these models. On the other hand, regional studies
(Darbyshire et al., 2004, 2017; Lebedev et al., 2018; Levshin et al., 2001; Mordret, 2018; Pour-
point et al., 2018a,b; Toyokuni et al., 2020) provided higher resolution information with more
spatial variability, but these studies often don’t cover the entire region (especially in northern
Greenland).

Recent seismic studies (e.g., Ajourlou et al., 2023; Celli et al., 2021; Lebedev et al., 2018;
Schaeffer and Lebedev, 2013; Toyokuni et al., 2020; Mordret, 2018; Pourpoint et al., 2018b;
Darbyshire et al., 2017) have provided high quality data sets with similarities in the distribution
of velocity anomalies beneath Greenland, adding confidence to the robustness of the first-order
results and interpretations. Yet, they have also demonstrated significant discrepancies that remain
unexplained (Sec. 2.4.1.6). Differences in interpretation become more apparent when compar-
ing Earth structure resulting from seismic studies to those inferred using other methods such as
SHEF, gravity, etc. These differences originate from the data quality and inherent sensitivity of the
data to Earth properties. One route to reducing these differences is to consider multiple data sets.
Studies such as Rogozhina et al. (2016); Steffen et al. (2018); Steinberger et al. (2019) used grav-
ity and topography to estimate SHF, elastic thickness, and lithosphere-asthenosphere boundary
(LAB) depth, respectively. Although the results of using different methods and data are gener-
ally different, they show correlations in some regions and so can result in more robust inferences.

72



In this work, we expand on these analyses via the application of a joint inversion method that
utilizes multiple geophysical data sets in a self-consistent framework (Afonso et al., 2013a,b).
This technique has been used in many regions (e.g., Afonso et al., 2016, 2022; Tork Qashqai
etal., 2016, 2018; Yang et al., 2021; Gradmann et al., 2013) to provide valuable thermochemical
information on lithosphere and upper mantle properties. Specifically, this study uses the new
local high-resolution seismic data set presented in Chapter 2 (Ajourlou et al., 2023) and multi-
ple complementary geophysical observables to infer a range of Earth properties (e.g., tempera-
ture, density) through the joint inversion method applied in the LitMod software (Afonso et al.,
2013a,b). The results of this inversion are then used in Chapter 4 to determine improved models
of regional viscosity structure for a glacial isostatic adjustment (GIA) modelling analysis.

3.2 Data and Methodology

3.2.1 Inversion method: Multi observable probabilistic inversion

In this study, we adopt the multi-observable probabilistic inversion approach of Afonso et al.
(2013a,b, 2016) to jointly invert multiple geophysical datasets for the thermochemical structure
of the lithosphere. This approach uses a Bayesian formulation and Markov chain Monte Carlo
(MCMC) techniques to solve the inverse problem. Following Bayes’ theorem, all prior informa-
tion on both observable data (d) and model parameters (m) are encoded into ‘prior’ probability
distributions and combined with information from observed data and physical models (i.e., the
forward problems) to define a multidimensional probability density function (PDF) over the pa-
rameter space, referred to as the posterior PDF (o(m); (Tarantola, 2005)). The latter can be
defined as,

o(m)  p(m) L(m), (3.1)
where p(m) is the prior over m (describing all known information about the model parameters
independently from the data), and L(m) is the so-called likelihood function, a measure of how

well the model explains the data. Assuming that all errors afecting the data and model parameters
can be considered normally distributed, L(m) can be written as

L) x exp| 5 Y w(m), | (32)

where
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d* — gi(m)]?
O (m); = w, Z {—m L, (3.3)
and ®(m); is known as the misfit function. The index j refers to data type (e.g., seismic, SHF,
geoid anomaly), ¢ is the total number of data points per grid node (30 in this study) used to
sample logarithmically the Rayleigh and Love wave PVDCs at specific periods, o; denote data
uncertainty for each data type (we have assumed that there is no correlation between data and
so variances are independent (Tarantola, 2005)), w; are arbitrary weights allocated for each data
type, and g;(m) are the synthetic data computed by model m. The weights control the impact
of each data type on the total misfit function (®(m);), and thus, the final inversion results. The
numerical value ascribed to the weights depends not only on the type of data set but also on
the goals of the inversion. In our case, we seek to obtain models that fit the seismic data as
well as possible while being simultaneously consistent with, but not dominated by, non-seismic
data. This choice is based on previous work that indicated that seismic data provides better
sensitivity to the first-order thermal structure compared to the other input data sets, which are
needed as supplementary information to increase the sensitivity to the compositional structure
(Afonso et al., 2013a, 2016). We used the same scaling (weighting) factors used in Afonso et al.
(2016), and for non-seismic data, we use only the associated uncertainties (i.e., w; = 1). For an
acceptable result, ®(m) for non-seismic input data in Eq. 3.3 needs to be < 1, and for surface
wave PVDCs, ®(m) needs to be < 4 (Tork Qashgai et al., 2016).

The posterior PDF in Eq. 3.1 has no closed-form solution due to the complex priors used in
the inversion. Therefore, sampling techniques like MCMC have been employed to estimate
the o(m) posterior PDF. Among the several approaches in the MCMC method, we employed
the Delayed Rejection Adaptive Metropolis (DRAM) due to its high accuracy and efficiency
(Haario et al., 2006). The DRAM algorithm is an improved delayed rejection (DR) algorithm
with efficient sampling that reduces rejected samples and focuses on high posterior probability
sampling (adaptive metropolis (AM) algorithm). Basically, the AM algorithm updates/adapts the
proposal distribution made of the prior PDFs with the previously accepted models to be utilized
for model parameter sampling (Mira, 2001). The chain covariance matrix after N iterations
is used to generate an N-dimensional Gaussian proposal distribution. In the adaptation step, the
posterior distribution for each proposal distribution is estimated (Haario et al., 2006; Mira, 2001).
Based on previous studies (Tork Qashgqai et al., 2016, 2018; Shan et al., 2014; Zhang et al., 2019;
Yang et al., 2021), 4-7 adaption steps generate a stationary chain after ~ 10° iterations. However,
the optimum number of samples for each adaptation and the number of samples needed between
each adaptation depends strongly on the problem (Chen and Niu, 2016; Guo et al., 2016; Haario
et al., 2006). Based on previous studies and several tests (Afonso et al., 2016; Chen and Niu,
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2016; Guo et al., 2016; Tork Qashgqai et al., 2016; Shan et al., 2014), we adopt five adaptations
and 30,000 samples between adaptations. We also start with 150,000 simulations in the initial
non-adaptation stage, which makes, in total, 300,000 simulations for each grid point to estimate
the Earth properties with depth, and the same number of simulations is required for all grid points
(more information on the grid points in the following sections).

3.2.2 Model parameterization and prior information

A full set of crust and mantle parameterization is described in previous studies (Afonso et al.,
2013a,b, 2016; Tork Qashqai et al., 2016; Shan et al., 2014), and so here we focus only on defin-
ing parameter values that are specific to our region (and so depart from those used in previous
studies). In this study, the 3D volume of Greenland and northeastern Canada consists of 446 non-
overlapping columns in a 1° x 1° grid (Fig. 3.1). Each 1D column is defined by three crustal
layers (i.e., sediment/ice, upper, and lower crust) over two lithospheric and sub-lithospheric man-
tle layers. In an area covered with ice, the first layer is considered as ice, and the sediment (which
is generally negligible in these areas) is ignored. For glaciers in the Canadian Arctic, only major
glaciated areas with spatial extent larger than ~0.5° are considered. In areas with no ice, the first
layer is considered as a sedimentary layer.

Each crustal layer is characterized by seven parameters: thickness perturbation (Ah), coeffi-
cient of thermal expansion («), bulk density at surface pressure-temperature (P-T) conditions
[p(Po, To)], thermal conductivity (x), compressibility (), V,/ V,, and radioactive heat produc-
tion (RHP). Since the inversion results are heavily affected by variations in RHP, p, Ah, and
V,/V, (Afonso et al., 2016), these parameters are considered unknown to within a defined range
(Table. 3.1) and solved for in the inversion, whereas the other properties («, x, 5) are treated as
constant within each layer (Table. 3.2; Sec. 3.2.6).

Similar to previous studies (Afonso et al., 2013a, 2016; Guo et al., 2016; Shan et al., 2014),
we discretize the 1D column (crust and upper-mantle) with a 2 km finite-difference mesh (red
dots in Fig. 3.2-right panel) to solve for elevation, lithospheric geotherms, and geoid height with
forward modelling. Also, the upper mantle is discretized into 15 thermodynamic nodes (black
circles in Fig. 3.2-right panel) to calculate equilibrium mineral assemblages and corresponding
thermo-physical properties (e.g., Vp, Vs, rho) via a Gibbs free-energy minimization problem.
The number of thermodynamic nodes within the two mantle domains depends on the lithospheric
thickness. In ocean areas, where the lithosphere is thin, we use eight thermodynamic nodes in
the lithosphere and seven in the sublithospheric mantle. In contrast, in continental areas, we use
ten thermodynamic nodes in the lithosphere and five below the lithosphere.

Based on the strong correlation between temperature and rock strength (Afonso et al., 2016), the
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Figure 3.1: Distribution of grid points
over Greenland and northeastern
Canada. The grid is divided into differ-
ent zones based on the first crustal layer
and whether it is located in a continental
or oceanic area (see key). Outside of
ice-covered areas, the sub-classification
of ”thick” or "thin” corresponds to the
sediment thickness and a threshold of 2
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1250 °C isotherm (T;250) is considered the bottom of the thermal lithosphere and so defines the
depth of the LAB. This correlates with the numerical results of upper mantle convection with
realistic viscosities (Afonso et al., 2008; Afonso and Zlotnik, 2011; Ballmer et al., 2011; Gerya,
2010; van Wijk et al., 2010; S. Zlotnik and Fernandez, 2008). The sub-lithospheric isotherm is
constructed with three unknown parameters, Tyutter, Tinter» a0d Tpoom (in Fig. 3.2-right panel) at
different depths Afonso et al. (2008, 2010, 2013a,b).

Lithospheric thickness (i.e., the depth to the LAB) and the bulk composition of the mantle layers
within the CFMAS system (CaO, FeO, MgO, Al203, and Si02) complete the vector of model
parameters to invert for. The mantle compositional layers and the crustal layers are inverted
on the coarsest grid in the framework (Afonso et al., 2013b). Since the LAB depth is not a
well-constrained parameter, the depth of the thermodynamic nodes (and compositional layers)
changes in each MCMC inversion iteration.

3.2.3 Prior information: Seismic data
The surface wave data set shown in Fig. 3.3 includes Rayleigh and Love wave PVDCs for 30
periods ranging from 25 to 185 seconds. Rayleigh wave PVDCs were extracted from a Greenland

and northeastern Canada phase velocity model (Ajourlou et al., 2023), which was generated using
the teleseismic two-station interferometry technique (Meier et al., 2004). The Love wave PVDCs
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Figure 3.2: Model discretization and parameterization. A) Schematic illustration showing discretization
of the 3D volume into its 1D columns (see Fig.3.1 for a more accurate representation of the spatial dis-
tribution of columns). B) Example depth discretization of a 1D column (modified from Afonso et al.,
2013a). Three different discretizations are used: the coarse grid consists of three layers in the crust (ice or
sediment in the first crustal layer) and two layers in the upper mantle; the intermediate grid (black circles)
defines the thermodynamic nodes; the fine grid (red dots) is used for computing surface values such as
elevation and SHF.

were calculated from this Rayleigh wave velocity model and the radial anisotropy extracted from
a recent global shear wave velocity model (Celli et al., 2021). These PVDCs are sensitive to
velocity structure from the lower crust (~40 km) down to the sub-lithospheric mantle (~400 km)
(Ajourlou et al., 2023). Since the uncertainty of the surface wave inversion increases with depth,
we allocate an uncertainty that linearly increases from one percent at 30 s to two percent at 185
seconds based on previous analyses (e.g. Tork Qashqai et al., 2016; Afonso et al., 2022) and
preliminary tests. To mitigate the slight perturbations in long period phase velocities caused by
truncating our numerical model to the depth of 400 km, we extended the velocity model to a
depth of 1000 km by incorporating the GypSum model (Simmons et al., 2010).

3.2.4 Prior information: Non-seismic data
Elevation data (Fig. 3.4-A) is taken from the international GEBCO bathymetry dataset. This is a

global terrain model for ocean and land, providing elevation data in meters on a 15 arc-second in-
terval grid. Total geoid height (Fig. 3.4-B) is extracted from the Gravity field model, XGM2016
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Table 3.1: List of all variable parameters and their associated initial prior ranges.

Parameters Continental Oceanic Ice
Crust

STP density] (first crustal layer, g/cm?®) 1.7-2.8 1.915-2.6 0.915 - 0.945
STP density2 (second crustal layer, g/cm3) 25-3 2-298 25-3
STP density3 (third crustal layer, g/cm?®) 2.65-3.15 2.8-3.15 2.8-3.15
Vyp/ Vs 1 (first crustal layer) 1.65-4.1 1.6-2.6 1.6-2.0
Vp/Vs 2 (second crustal layer) 1.65-1.95 1.6-1.95 1.5-2.0
Vp/ Vs 3 (third crustal layer) 1.65-1.95 1.6-1.95 1.45-20
Ah1-Thin (first crustal layer, km) —-0.5-0.5 —-05-0.5 —1-1
Ah1-Thick (first crustal layer, km) -2-2 —-15-1.5 —1-1
Ah2 (second crustal layer, km) —4.0-4.0 —-2.0-2.0 -5.0-50
Ah3 (third crustal layer, km) -5.0-5.0 -3.0-3.0 —4.0-5.0
RHP (xWm™?) 1.0-3.6 0.1-4.0 0.1-3.8
Mantle

LAB (km) 110 - 300 60 - 170 80 - 360
Al>0O3 (in lithosphere, wt %) 0.5-4.0 02-4.0 0.2-4.0
FeO (in lithosphere, wt %) 6-9 6-9.2 6-9.5
MgO (in lithosphere, wt %) 34-50 34-55 34-55
CaO (in lithosphere, wt %) 05-4 0.15-4.5 0.15-5.0
Aly0s3 (in sub-lithosphere, wt %) 1.5-43 1.5-45 1.5-48
FeO (in sub-lithosphere, wt %) 6-9.0 6-9.2 6-9.5
MgO (in sub-lithosphere, wt %) 34 -50 34 -55 34 - 55
CaO (in sub-lithosphere, wt %) 0.5-4.0 0.5-45 05-52
Trutter (°C) 1250 - 1500 1240 - 1470 1240 - 1470
Tinter (°C) 1300 - 1700 1230 - 1650 1300 - 1650
Tgottom (°C) 1350 - 1750 1400 - 1680 1400 - 1680

Mean RHP for the continental crust is as mentioned above, and for the lower crust, RHP/100 is used.

(Pail et al., 2018), which contains spherical harmonic coefficients up to degree and order 5399.
Although this dataset is more sensitive to variations in the LAB depth than gravity anomalies
(Afonso et al., 2008, 2013a), it often includes a large contribution from deep (>400 km) mantle
density anomalies that are not of interest here. Therefore, the total geoid height data are fil-
tered with a band-pass filter using the tapering approach of Horowitz et al. (2021) to suppress
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contributions from density structure deeper than ~400 km. Based on previous analyses (e.g.,
Chase, 1985; Doin et al., 1996; Chase et al., 2010; Afonso et al., 2019) and preliminary tests,
we set spherical harmonic coefficients for degrees < 5 to zero and roll off spherical harmonic
coefficients between degrees 5 and 9 using a cosine tapering function.

The SHF data set (Fig. 3.4-C) is a combination of data over Greenland (including the continental
shelves) from Martos et al. (2018), which were generated using a Curie depth analysis and, for
the rest of our study region, data from Lucazeau (2019), which are based on direct, in-situ mea-
surements and modelling. Since these two models are the results of different methods applied at
different spatial scales, they have significant differences. Therefore, we applied spatial smooth-
ing (using moving average with a Gaussian kernel) to prevent sharp and unrealistic changes at
the boundaries between these data sets. SHF uncertainty values in Martos et al. (2018) are ten
times smaller than those in Lucazeau (2019), which reflects the different approaches used in each
study. However, since these data were not combined (one or the other was used for a given grid
point), this difference is only evident in greater model parameter uncertainty for locations where
the Lucazeau data were used.

The mean and the corresponding uncertainty values for elevation, geoid, and SHF were calcu-
lated on a 1° x 1° grid from their original high-resolution data sets. To account for measurement
variability as well as theoretical modelling errors in the elevation data, we follow previous stud-
ies and assigned the standard deviation in a given 1° x 1° grid as uncertainty to the elevation
(~150 m) (e.g., Afonso et al., 2013a; Guo et al., 2016; Shan et al., 2014; Zhang et al., 2019;
Tork Qashqai et al., 2018). The mean values, as well as the corresponding uncertainties, were
used to make the prior PDFs required in the Bayesian framework (Sec. 3.2.1). Random samples
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Figure 3.4: Initial input non-seismic data used in the joint inversion. A) Elevation
(GEBCO), B) Geoid height (Pail et al., 2018), C) Surface Heat Flow (SHF) (Lucazeau,
2019; Martos et al., 2018), D) Moho depth (Laske et al., 2013).
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of these prior input PDFs were used in thousands of simulations, and compatible samples with
other data and parameters were considered. Therefore, the posterior input data used to find the
Earth structure parameters may be slightly different from the mean values used at the beginning
(more information in Sec. 3.3.1).

3.2.5 Prior information: Crustal data

Information about the initial crustal model, including layer thicknesses, Moho depth, and what
lies above it (e.g., sediment, ice), is required for the inversion. Information from several local
and global products was used to provide this information for our study region. For crustal in-
formation and Moho depth (Fig. 3.4-D), we incorporated information from the NAGTEC crustal
thickness grid (Funck et al., 2017), the ArcCrust model for the Arctic region (Lebedeva-Ivanova
et al., 2019), and the global model of Szwillus et al. (2019). The resulting initial crustal model
comprises information on, for example, the thickness, velocity, and density of each layer (at a
given grid point).

As for the crustal information, the input sedimentary thickness is an assemblage of regional
(NAGTEC sedimentary thickness model and the TEMAR model for the Arctic region including
the land areas from Petrov et al. (2016)) and global (marine sedimentary thickness from Straume
et al. (2019) and the remaining from CRUST1.0 (Laske et al., 2013)) models. The ice thick-
ness information was obtained by considering IceBridge BedMachine (Morlighem, 2022) for
Greenland and the results from Farinotti et al. (2019) for the Canadian Arctic.

It should be noted that an inversion for crustal properties is not the main aim of this study, and
the inverted data sets are not strongly sensitive to shallow crustal structure. As a result of this
insensitivity, the posterior PDFs of the crustal information mostly have a uniform shape (i.e.,
they strongly reflect the uniform prior distributions (Table,3.1)). As in previous studies (Afonso
et al., 2016, 2022; Fullea et al., 2009; Yang et al., 2021; Zhang et al., 2021), to avoid long
processing times (due to lack of convergence), we define a relatively small range for plausible
crustal properties (Table. 3.1).

3.2.6 Forward models

The forward models used in determining the posterior PDFs of output variables are described
in this section. For more detail, the reader is referred to previous papers (e.g., Afonso et al.,
2013a,b, 2016; Fullea et al., 2009; Kumar et al., 2020). Lithosphere geotherms are calculated
from the steady-state conductive heat transfer equation on the finite-difference mesh (Fig. 3.2-
B (intermediate grid)) subject to Dirichlet boundary conditions at the Earth’s surface (Ts = 10
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°C) and at the LAB (T = 1250 °C). Beneath the lithosphere, we assume a constant thermal
conductivity (x = 3.4 Wm~1°C~1) with no internal radioactive heat production. In contrast to
the common assumption of considering a uniform, adiabatic gradient in the upper mantle, which
can be inaccurate in areas with local convective dynamics, we control the temperature struc-
ture with three temperature values specified at the thermodynamics nodes defined in Fig. 3.2-B
(Toutter> Tinter» and Tporom). Specifically, temperature isotherms in the sub-lithospheric mantle are
constructed by linear interpolation between these three nodes (Afonso et al., 2016; Shan et al.,
2014). The possibility of mantle dynamic effects on inverted isotherms in the eastern parts of our
study region is high due to proximity to the Iceland hotspot, and so results in this region could
be inaccurate.

The thicknesses of crustal layers are obtained by randomly perturbing an initial crustal model
based on the given prior ranges (Ah values) in Table. 3.2. The P-T-dependent densities (Afonso
et al., 2016) for each crustal layer at computation nodes are calculated on the finest grid (red
dots in Fig. 3.2-B) using a lithostatic pressure profile, the computed geotherm and « and (3 of the
corresponding layer via the following equation:

p(P.T) = p(Po, To)[1 — (T = Tp) + B(P — Ry)] (3.4)

where p(Fy,Tp) is a free parameter sampled from its prior distribution during the inversion in
each crustal layer. At each finite-difference node within the crust, lithostatic pressure is calcu-
lated at each depth by integrating the weight of the overlying material. Since the pressure and
density are directly connected, the obtained pressure is then used in eq. 3.4 to get the density at
any node (e.g., Afonso et al., 2013a; Fullea et al., 2009). The inferred density is then used to
update the pressure at the next (deeper) node point.

By assuming Birch’s law of correspondent states as an approximation (Karato et al., 2008), and
the determined density within each crustal layer, the corresponding V), is calculated via:

Vp = 39.128p — 63.064p> + 37.083p> — 9.1819p* + 0.8215p° (3.5)

where this equation is a modified version of that proposed by Brocher (2005) to produce more
accurate velocity values for mafic rocks (Afonso et al., 2016). The associated Vs values are
then obtained for each layer from the computed V), using the relation V; = % and the Vp/Vs
parameter sampled by the MCMC algorithm.

The stable mantle mineral assemblages within the CFMAS system (CaO-FeO-MgO-Al,O3-
Si102), and their associated physical properties (e.g., density, velocities, an-harmonic elastic
moduli) are obtained using components of the software package Perple X (Connolly, 2005) to
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Table 3.2: Constant crustal parameters

Parameters Continental Oceanic Ice
a1 (first crustal layer, 1/°C) 2.7x107° 2.3x107° 7.1x107°
a2 (second crustal layer, 1/°C) 2.6 x 107° 2.3 x107° 2.6 x 107°
a3 (third crustal layer, 1/°C) 2.3x107° 2.5 x 107° 2.3 x107°
k1 (first crustal layer, Wm~—1°C~1) 2.8 2 2.21
k2 (second crustal layer, Wm~—!°C~1) 2.6 2.6 2.7
k3 (third crustal layer, Wm~°C~1) 2.3 2.4 2.3
B1 (first crustal layer, 1/Pa) 5.0 x 1071 2.5 x 1071 1.5 x 10711
B2 (second crustal layer, 1/Pa) 1.4 x 10711 1.2 x 10711 3.2x 1074
33 (third crustal layer, 1/Pa) 1.1 x 10711 1.2 x 10711 1.1 x 10711

Note: a = coefficient of thermal expansion, x = thermal conductivity, and 5 =compressibility

solve the Gibbs free-energy minimization problem, and the thermodynamic database of Stixrude
and Lithgow-Bertelloni (2011). The CFMAS system includes Z98 wt.% of the mantle’s mass,
and so it is an appropriate compositional representative for phase assemblage modelling of the
mantle. More detailed information about compositional priors, associated correlations in MCMC
sampling, and forward problems related to elevation and geoid height can be found in previous

studies (Appendix A, Afonso et al., 2013a, 2016).

By estimating bulk properties such as density, seismic velocities, etc., in the crust and upper
mantle, we are able to calculate Rayleigh and Love wave dispersion curves using a modified
version of the program disp96 (Herrmann, 2013), based on the Thompson-Haskell eigenvalue
problem (Haskell, 1953) and the frequency-dependent attenuation model of Jackson and Faul

(2010).

3.3 Results

3.3.1 Data Fit

Before focusing on the main results, we first describe data-model misfits and posterior PDFs.
Inspection of Fig. 3.5 shows that the quality of the simultaneous fit to all input datasets (Rayleigh
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Figure 3.5: A) Total misfit calculated using all data sets (Eq.3.3). Three circled numbers show the lo-
cations corresponding to the three examples of the full posterior PDF shown in Fig. 3.6. Misfit results
are also provided for Rayleigh (B) and Love (C) PVDCs, elevation (D), surface heat flow (SHF) (E), and
geoid height (F). Note that scale bar ranges vary from plot to plot.

and Love wave PVDCs, surface heat flow, geoid, and absolute elevation) varies spatially. Fig. 3.5-
A represents the misfit values when all data are considered (Eq. 3.3), hereafter referred to as the
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total misfit. Since the inversion at each grid point is 1D, with no spatial correlation between
each grid node, the results can show high variability in the total and individual misfits between
grid points. For example, there are high misfit values in eastern and western Greenland and
northern Baffin Island. Examination of the individual misfit maps (Fig. 3.5-B&F) indicates that
surface wave PVDCs tend to be the highest contributor to total misfits. This primarily occurs due
to spatial irregularities in the PVDCs associated with the inversion technique and edge effects.
For example, these data are less accurate in areas with low surface wave path densities, such
as in northern Greenland and at grid margins, due to insufficient seismic station density (Ajour-
lou et al., 2023). Although the Love wave PVDCs are based on the Rayleigh wave PVDCs,
there is a notable difference in the data-model misfits for these two constraining datasets. High
misfits for the Love wave PVDCs occur mainly in northeastern Canada and in several locations
in Greenland, while the Rayleigh wave misfits are generally smaller, with the largest values in
Greenland. This could reflect the effect of anisotropy and variations of this quantity across the
study region. Also, as evident in comparing results in frames B-F in Fig. 3.5, the PVDC data set
results in greater spatial variations in misfit compared to other data sets. However, exceptions
exist in some data sets. For example, SHF results show a high local misfit in NW Greenland,
which has greater misfit compared to the seismic data. However, regardless of the large misfit at
this location, the mean SHF values are within the adopted uncertainties (Fig. 3.6). Based on the
information given in Sec. 3.2.1, the misfit values are lower than the adopted thresholds and so
indicate high-quality inversion results.

To further illustrate and investigate data misfit characteristics of the model, we chose three points
with high total misfits (as numbered in Fig. 3.5-A) in different zones (i.e., ocean (1), continent
(2), and ice (3)). Fig. 3.6 illustrates the posterior PDFs for Rayleigh and Love PVDCs, SHF,
geoid, and absolute elevation in these three locations, which are plotted alongside the input data.
The means of the respective posteriors are used to show the predicted data (unless mentioned
otherwise). However, note that for some data types, the PDFs are non-Gaussian and skewed
toward larger misfit values. The predicted Rayleigh and Love PVDC:s fit the input data to within
one standard deviation at the three chosen grid points and for all periods (Fig. 3.6, first column),
except for shorter period (< 30 s) Love waves. The same is true for the distributions of predicted
elevation, geoid, and SHF (Fig. 3.6, last three columns). Since the results in Fig. 3.6 are for
locations where misfits are anomalously large, it follows that, for most grid points, the predicted
data is within 1o of the input data.

We also investigate the three designated high total misfit grid points (Fig. 3.5) for other model
parameters. Fig. 3.7 illustrates the inversion results for various parameters at the ice grid point
(location 3 in Fig. 3.5-A; results for continent and ocean locations are presented in Appendix 3,
Figs. A3.2 and A3.3). These results correspond to a location in eastern Greenland with 1.5 km
of ice and a ~38% parameter search success rate (38% of the total simulations were accepted).
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Figure 3.6: Data-model fits and posterior histograms for Rayleigh and Love wave PVDCs, elevation,
SHE, and geoid height for three locations (see numbered green circles in Fig 3.5-A): 1) ocean the first row,
2) continent in the second row, and 3) ice in the third row. For surface waves (first column), gray lines are
the accepted models, black lines and the bars are the input data and corresponding uncertainty, blue lines
are the mean of predicted posterior PDF for the Love PVDC, red lines are the mean of predicted posterior
PDF for the Rayleigh PVDC, and black dashed lines are the predicted uncertainty. In the histogram plots,
gray bars indicate output from the accepted models, solid and dashed blue lines are the input data and
corresponding uncertainty (1o), black lines are the mean of the predicted posterior PDFs, and the red lines
are the best-fitting Gaussian distributions.

Except for the mineral volume results (Fig. 3.7-G), accepted models are indicated by the grey
lines, black lines are the mean of the posterior distribution, and the dashed blue lines are the 1o
uncertainties. The quality of the final inversion depends on the input data, the corresponding
sensitivity to model parameters, and the adopted prior bounds for each parameter. That is, the
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Figure 3.7: A) Location map of the grid point in eastern Greenland with high total misfit (location labeled
as ‘3’ in Fig. 5). B-F) Posterior distributions of temperature, Vs, Vp, bulk density, and seismic attenuation.
Gray lines denote the accepted models, black lines are the mean of the posterior distribution, and the
dashed blue lines are the 1o uncertainties. G) Inferred volume profiles of four dominant mantle minerals.
opx and cpx are abbreviations for orthopyroxene and clinopyroxene, respectively.

distributions of accepted models vary with each quantity shown and with depth. For example,
the applied, high-resolution Rayleigh wave data set is sensitive to Earth structure over the depth
range of ~50 to 400 km, and so the inversion quality is high (tight PDFs) within this range. In
general, the quality of the inversion results is high, and the uncertainty is less than 10% of the
estimated mean predicted value for most of the model parameters. The mineral volume at this
location is dominated by olivine (~50-60%), and the rest is occupied with garnet and pyroxene
(~0-20%). The abrupt increase in mineral volumes at depth ~200 km correlates with the LAB
depth estimation, where a boundary is placed in the model.
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3.3.2 Crustal structure

Maps of depth-averaged crustal properties are provided in Fig. 3.8. Based on Fig. 3.8-A, higher-
density material is found in north Baffin Island, Baffin Bay, southern-west Greenland, and the

2.70 2.75 2.80 2.85 2.90 1.6 1.7 1.8
Density (g/cm?) Vp/Vs

75°N

70°N

65°N
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RHP (uM/m8) Moho depth (km)

Figure 3.8: Crustal properties resulting from the inversion. A-C) depict the depth-averaged density,
Vp/Vs ratio, and RHP, respectively, and D) shows the Moho depth.
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Labrador Sea, whereas lower-density material is found in Eastern and northwestern Greenland.
In Fig. 3.8-B, there is a clear distinction in eastern Greenland between oceanic and continen-
tal crystalline layers, which depicts Vp/Vs >1.75 corresponding to mafic rocks in the oceanic
domain (Mjelde et al., 2002). The lowest Vp/Vs ratios, typically representative of continental
crust, are found in Greenland; this is consistent with the results of previous ambient noise studies
(e.g., Kumar et al., 2007). Based on Fig. 3.8-C, the highest RHP (>1.5 yWm™?) exists in east-
ern, northeastern, southern, and western Greenland, as well as Baffin Bay and the Labrador Sea.
Also, the lowest RHP (<0.5 ;Wm~3) values are found in the Labrador Sea, north Baffin Islands
and northeastern Greenland. Most of the high RHP values are located in continental shelves
around Greenland (where thick sedimentary deposits are located), whereas inland Greenland has
less variation in RHP values. In the Labrador Sea offshore southern Greenland, the RHP val-
ues are considerably higher than normal oceanic crust RHP (<1 pWm™3). The excessive RHP
values might be related to un-modeled shallow thermal process (e.g., past rifting, volcanism,
sedimentation) that has not been included, and higher RHP values (though unrealistic) are re-
quired to compensate for these processes. Although the RHP values in this localized region are
not robust, the upper-mantle isotherms are not significantly affected. The Moho depth inver-
sion results (Fig. 3.8-D) show no significant change compared to the input data (Fig. 3.4-D); it
is thickest (~50 km) in southern Greenland and northern Baffin Island, and thinnest (~15 km)
in oceanic regions. More detailed information on the crustal inversion results is provided in
Appendix (Fig. A3.4).

3.3.3 LAB depth and compositional structure of the lithosphere

The thermal LAB depth (depth to 1250 °C isotherm) and the corresponding uncertainty of the
posterior PDF are illustrated in Fig. 3.9-A&B. Based on Fig. 3.9-A, the LAB is deepest (>250
km) to the west of Baffin Island, northwestern and central-south Greenland. In comparison, shal-
low LAB depths (< 100 km) are located in Baffin Bay, the Labrador Sea, and central-eastern
Greenland. There is a clear region of thinner lithosphere separating the thicker regions in north-
western and central-south Greenland. Uncertainty (10) corresponding to the LAB depth inver-
sion in Fig. 3.9-B indicates that, for a given location (grid point), the results are well resolved as
the uncertainty is generally less than 10%. The estimated uncertainty over Greenland (~10-30
km) is also about 10% of the inferred variation in this quantity (~200 km). At large spatial scales,
the uncertainty increases as LAB depth increases, with cratonic regions exhibiting the greatest
uncertainty and oceanic regions the smallest. This is mainly due to the decrease in depth reso-
lution of the input data with depth. For example, the depth resolution of surface wave PVDCs
reduces with the increasing period (Fig. 2.7). Notably, this correlation does not hold to the west
of Baffin Island, where the thick lithosphere is associated with relatively low uncertainty.
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Figure 3.9: A) Mean value of the depth to the 1250 °C isotherm, which we take to define the lithosphere-
asthenosphere boundary (LAB), from the posterior PDF, and B) the corresponding 1o uncertainty. C)
Depth-average of the lithospheric Mg#, and D) the corresponding 1o uncertainty.
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The data sets included in the joint inversion provide some sensitivity to the average bulk compo-
sition of mantle material (Afonso et al., 2013a,b). The magnesium number (Mg#) of the mantle
is often used as a proxy to identify compositional anomalies and distinguish mantle domains
by assessing the fertile and depleted character. This is justified given the strong correlation be-
tween Mg# and relevant bulk physical properties of peridotites (e.g. Afonso et al., 2010, 2013a).
Since bulk composition is the least well-constrained aspect of the inversion (Fig. 3.9-D, Afonso
et al., 2013a; Zhang et al., 2019), instead of considering absolute values, we will focus our de-
scription on the largest (spatial) contrasts in Mg# only (Fig. 3.9-C). More detailed compositional
information (CFMAS system) is provided in Appendix (Fig. A3.6).

Despite the large compositional priors used for the inversion (to span the broad compositional
range observed in nature; Table. 3.1), the results reveal distinct compositional domains in oceanic
and continental regions. In oceanic areas, the average composition becomes more fertile at loca-
tions removed from spreading ridges (e.g., eastern Greenland). The average composition where
the LAB is shallow (i.e., near a mid oceanic ridge) reflects mostly the depleted shallow layer pro-
duced during decompression melting of passively upwelling mantle material. With ocean floor
spreading and plate thickening, the average composition comprises more fertile mantle material
from the asthenosphere, which leads to the Mg# decrease. Also, the average composition ob-
served in Baffin Bay and the Davis Strait suggests a fertile mantle in these regions. The oceanic
lithosphere generally shows lower Mg# and a more fertile mantle, whereas the continental re-
gions present higher Mg#, representing a more depleted mantle. The largest contrasts in Mg#
are located in southern, southeastern, and central Greenland, as well as southern Baffin Island,
and several local high values in eastern, northeastern, and northwestern Greenland. Although the
Mg# uncertainty (1o0) in Fig. 3.9-D is <1% of the Mg# amplitude, it is relatively large (up to
~50%) compared to the spatial variation (~2) across the study region.

3.3.4 Mantle structure

The inferred mantle structures and corresponding uncertainties are summarized as depth slices
in Fig. 3.10 and Fig. A3.5, showing the mean of posterior PDFs and 1o uncertainty, respec-
tively. Lithospheric temperature variations in Fig. 3.10 (first column) show that the hottest areas
are generally in oceanic regions and, more specifically, east of Greenland and in the Labrador
Sea. Beneath Greenland, a relatively thick and cold lithosphere is bisected by a higher temper-
ature channel aligned approximately NW-SE across all depths except for 350 km. This pattern
is also present in the LAB map in Fig. 3.9-A and correlates with the trace of the Iceland plume
track proposed in previous studies based on different analyses (Ajourlou et al., 2023; Lebedev
et al., 2018; Martos et al., 2018; Rogozhina et al., 2016; Steinberger et al., 2019). Also, a high-
temperature anomaly continues to exist in the sub-lithospheric mantle beneath the southwestern
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Figure 3.10: Depth slices of shallow mantle properties. Left to right: temperature, density, Vp, and Vs.
Top to bottom: properties at depths 50 km, 150 km, 250 km, and 350 km.
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and the central-eastern coasts of Greenland. The high-temperature anomaly in central-eastern
Greenland has recently been identified based on local and global surface wave seismic tomog-
raphy(Ajourlou et al., 2023; Celli et al., 2021; Rogozhina et al., 2016). Our results show that
the temperature difference over Greenland is ~350 to 700 °C at depth 50 km, ~800 to 1400
°C at 150 km, ~1100 to 1500 °C at 250 km, and ~1400 to 1550 °C at depth 350 km. Thus,
the lateral temperature variations are largest within the 150-250 km depth range. Based on Fig.
A3.5, although the temperature uncertainty is small relative to absolute values (<10%), it is
more significant relative to the spatial variations noted above, and increases with depth. The un-
certainty correlates with temperature, and so is generally lower in colder regions such as western
Baffin Island, northwestern, and central-southern Greenland. However, we note that this pattern
becomes reversed at ~350 km depth, where the relative uncertainty is greater in colder regions
(Sec. 3.4.1).

The density structure in Fig. 3.10 (second column) is due to variations in temperature and bulk
composition. The density varies from 3.3 g/cm? in oceanic regions, such as eastern Greenland
and the Labrador Sea, at 50 km depth to 3.58 g/cm? in continental regions such as northeastern
Greenland and Baffin Island at 350 km depth. At a depth of 50 km, density is lowest in oceanic
regions like offshore and inland eastern Greenland, southern Baffin Islands, and the Labrador
Sea, and it is highest in central-southern and northeastern Canada. At this depth, the density
variations correlate well with temperature changes except for northeastern Greenland, suggesting
significant compositional changes in this region (Sec. 3.3.3). Based on Fig. A3.5, the density
uncertainty (second column) at this depth is relatively large (~30% of the spatial variation in
density). In contrast to temperature, the uncertainty doesn’t necessarily correlate with density
magnitude. At 150 km depth, the lower density material is evident in eastern, southern, and
northeastern Greenland as well as the Queen Elizabeth Island and southern Baffin Islands. In
comparison, the higher density material is located in central south and northeastern Canada. At
this depth, the density variations correlate well with temperature changes except for northeastern
Canada and the Queen Elizabeth Island. Based on Fig. A3.5, the density uncertainty at this
depth is significant and represents ~75% of the density spatial variation. Most of Greenland and
the Queen Elizabeth Island have the highest uncertainty and oceanic regions and northeastern
Canada have the lowest, representing the composition and thermal variability.

At 250 km depth, the pattern of density variations changes dramatically with areas showing rel-
atively high density at shallower depths (northwestern and central-southern Greenland and west
of Baffin Island) now showing relatively low values. This pattern contrasts with the temper-
ature structure at this depth. In eastern and southwestern Greenland, temperature and density
variations show poor correlation (more details in Sec. 3.4.1). The uncertainty maps in Fig. A3.5
represent an inverse relationship between density magnitude and uncertainty, in which the lowest
density has the highest uncertainty and vice versa, except for western Baffin Island. The uncer-
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tainty is significant at ~90% of the density spatial variation. At 350 km depth, the lateral density
variations decrease, with only some relatively small and localized variations. At this depth slice,
the lowest density is located in the central southwest and highest in southern Baffin Island. Den-
sity and temperature at this depth correlate strongly except for the central southwest, northwest,
and eastern Greenland. The corresponding uncertainty at this depth (Fig. A3.5) is ~75% of
the density variation, and it is highest in western Baffin Island, northwestern, and central south
Greenland.

Seismic wave velocities (Vp and Vs; Fig. 3.10, third and fourth columns) present very similar
patterns with high velocities in continental areas, specifically northern, central southern Green-
land, and northeastern Canada, and low velocities in oceanic areas, specifically in the Atlantic
Ocean and the Labrador Sea. Low seismic velocities in eastern Greenland are persistent across
all depths, similar to the temperature results. At 50 km depth, Vp varies from 7.8 km/s in offshore
eastern Greenland to 8.2 km/s in northwestern, and central southern Greenland and in northeast-
ern Canada. At 150 km depth, Vp shows similar variations to those at 50 km in pattern and
amplitude (from 7.8 to 8.4 km/s). At this depth, the high velocities in Greenland are more lo-
calized in northwestern and central-southern areas, while low velocities appear in central-eastern
Greenland. Vp varies from 8.25 to 8.45 km/s with, again, a similar pattern at 250 km depth. At
350 km, the variation in Vp is small (~100 m/s) across the whole region, with the lowest values
of 8.56 km/s in eastern Greenland and the Labrador Sea and the highest values of 8.66 km/s
in Baffin Island, southern and northern Greenland. Vs across all depth slices follows the same
pattern as Vp. Vp and Vs correlate well with temperature structure across all the depth slices and
with density to 150 km depth. Beyond 150 km, seismic velocity and density do not correlate,
and so we infer that compositional effects become the primary control at these depths.

The seismic velocity uncertainties (Fig. A3.5) reflect different inversion qualities with depth.
The geographic variation in uncertainty is similar for Vp and Vs, and has a similar pattern across
all depths. The correlation between uncertainty and velocity changes with depth. At 50 km,
high-velocity regions have the lowest uncertainty, and the slower regions have relatively high
uncertainty (more details in Sec. 3.4.1). Also, the uncertainty accounts for <10% of the spatial
variation in seismic wave velocity. At 150 km, the geographic pattern in velocity and the uncer-
tainty are similar to those at 50 km except for Vp in northern Greenland and the Queen Elizabeth
Island, which has high uncertainty despite the fast seismic velocities. At greater depths, the
uncertainty variations increase due to lower data resolution and higher input uncertainty (i.e.,
PVDCs). At 250 km, high uncertainties are located in high-velocity regions except for western
Baffin Island, where we see high velocities and low uncertainty; and in the Queen Elizabeth Is-
land, where there is low Vs and high uncertainty. The uncertainties at this depth are a significant
fraction of the lateral velocity variations: more than ~50% for Vp and ~20% for Vs. At 350 km,
the correlation between uncertainty and seismic velocity is lower, and the geographic range in
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velocities is higher. The highest uncertainties exist in northeastern, and central south Greenland
and in western Baffin Bay. Also, the lowest uncertainties are located in oceanic regions, the
Queen Elizabeth Island, and Eastern Greenland. The uncertainties at this depth reach ~90% of
the velocity variations, and so the inferred velocity variations are poorly resolved.

3.4 Discussion

3.4.1 Thermochemical variations in lithospheric mantle

The lithospheric mantle temperatures illustrated in Fig. 3.10 show significant geographic and
depth-dependent variations over Greenland and northeastern Canada. While these results are
broadly compatible with those in previous studies (e.g., Lebedev et al., 2018; Mordret, 2018),
there are some notable differences due to the improved spatial resolution (Lebedev et al., 2018)
and coverage in northern Greenland (Mordret, 2018). Our model shows cold material in north-
western and central-south Greenland relative to other regions in Greenland, while Lebedev et al.
(2018) suggest a broader cold region spanning much of northern Greenland. Another key differ-
ence is in central Greenland, where, our results show that the cold material in northwestern and
central south Greenland are connected by a thin N-S, ‘arm’ of relatively cold material down to
~250 km. Another notable feature in the temperature map is the relatively high temperatures in
the southeast that extend into central Greenland - most apparent at depth slices 150 and 250 km.
This feature has also been identified in previous studies (e.g., Mordret, 2018; Lebedev et al.,
2018). The Lebedev et al. (2018) study place this temperature anomaly at a higher latitude with
an E-W orientation compared to our results and those of Mordret (2018), in which the anomaly
is further south in eastern Greenland (south of Scoresby Sund), with a more SE-NW orientation
that extends only to central Greenland.

Density heterogeneity in the shallow upper mantle is produced by both temperature and compo-
sitional variations (Fig. 3.10 and Fig. A3.7). As expected, the thermal signature in the cratonic
regions is of high density due to decreased temperatures, while the compositional signature is
of low density due to the depletion of basaltic components. However, the compositional effects
in the cratonic regions produce far lower amplitude density variations in the cratons overall rel-
ative to the purely thermally-induced density field, as evident in the strong negative correlation
between temperature and density at depths shallower than 250 km (Fig. 3.10). However, the
influence of density variations appears to dominate at depths >250 km, where temperature and
density directly correlate, and relatively cold cratonic regions in northwestern and central south
Greenland, and northeastern Canada reflect lower density material. The density is high in areas
with high temperatures, such as eastern and southern Greenland, David Strait, and the Labrador
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Sea. The density variations at these depths must, therefore, reflect compositional changes. This
is supported by the pattern visible in bulk composition variations shown in Fig. A3.7 at depths
>250 km. In northwestern and central south Greenland, and northeastern Canada, garnet and
cpx concentrations are relatively low, and olivine and opx are relatively high.

Compositional density anomalies related to the spatial variation in major-element composition
(or Mg#) are small relative to thermally driven density variations throughout most of the non-
cratonic mantle (Simmons et al., 2010; Shulgin and Artemieva, 2019) and account for <2%—-3%
variations in seismic velocity (Schutt and Lesher, 2010). Therefore, the model results at depths
<150 km in eastern and southern Greenland, Labrador Sea, and Queen Elizabeth Island support
earlier conclusions (e.g., Lebedev et al. (2018); Schaeffer and Lebedev (2013); Schaeffer et al.
(2016)) that the density variations caused by composition are of second-order compared to the
thermal contribution.Based on Fig. A3.7, in regions such as central, eastern, and northeastern
Greenland at depths >250 km, the amount of olivine and opx has decreased, and the proportion
of garnet and cpx has increased compared to shallower depths. This change in mineral concen-
trations at these depths can explain the change in the relation between density and temperature,
with composition becoming a more dominant control on density. This change in mineral concen-
trations is most likely related to changes in environmental conditions, such as temperature and
pressure, which favor one mineral distribution over another.

The inverse relationship between temperature and density is most visible in the shallow upper
mantle around 50-150 km (Fig. 3.10). Because of the temperature dependence of seismic attenu-
ation, the thermal variations have a higher impact on velocities in seismically fast (cold) regions
than in slow (hot) regions (Simmons et al., 2010). Based on the results in Fig. 3.10, the seismic
velocities in the lithosphere correlate directly to LAB depth variations (temperature change).
Basically, areas with lower temperature have higher lithosphere average velocities. Based on
Fig. 3.10, at depths >250 km, temperature inversely correlates with seismic velocity, in contrast
to being directly correlated with density.

To investigate the relationships between the Earth properties in Fig.3.10 in more detail and de-
termine if the captured variations are robust, three cross-sections along profiles with high vari-
ability in temperature, density, and Vs were made (Fig. 3.10 (top left frame) shows the profiles
and cross-sections are in Fig. 3.11). Profiles A-B and A-E go through at least one of the cold
anomalies in northwestern and central south Greenland, which, by definition, correspond to the
locations of the deepest LAB (Fig. 3.11). These cross sections (Fig. 3.11-top and bottom rows)
also capture higher velocities in deep cratonic regions and the direct inverse correlation between
temperature and seismic velocity. Based on Fig. 3.11 (second column), at shallower depths, the
density increases with deeper LAB (i.e., temperature and density are inversely correlated). For
example, along A-B at depth 150 km, density goes from light red to dark red when the LAB gets
deeper (lower temperature) and close to location B where the LAB is thinnest (higher tempera-
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Figure 3.11: Vertical cross-sections showing temperature (left column), density (middle column), and Vs
(right column) along profiles A-B (top row), C-D (middle row), A-E (bottom row) shown in Fig. 3.10 (top
left frame). Solid and dashed black lines represent the LAB and Moho, respectively.

ture), density is lowest. This pattern is reversed at depth ~300 km where deeper LAB correlates
with lower density. This can be observed in profiles A-B and A-E where cross-sections sample
regions with the the deepest LAB. It is noticeable that in areas with a deep LAB, the temperature
gradient is greater below the LAB compared to locations with a thinner LAB, while the density
gradient does not vary between regions with contrasting LAB depth. The gradient difference
and lateral variations in temperature and density below the LAB reflects the contribution of the
composition effect discussed above.

Vertical stratification of the Mg# is limited in the lithosphere and asthenosphere due to the model
parameterization and the input petrological data, thus making a robust interpretation difficult
(Griffin et al., 2004; O’Reilly and Griffin, 2006). Therefore, we investigate the lateral com-
positional heterogeneity in terms of the depth-averaged Mg# in the entire lithospheric mantle
(Fig. 3.9-C). We infer a highly depleted mantle with large values of Mg# (90.5-91) in much of
Greenland with values exceeding 91 in the southeast. Southern Baffin Islands are also charac-
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terized by a relatively high Mg#. Previous studies have reported high Mg# for Archean cratonic
lithospheric mantle (Griffin et al., 2004; O’Reilly and Griffin, 2006). We note that the inferred
Mg# values for depleted regions are lower than commonly reported, and this is most likely a
result of the model parameterization and inversion method (e.g., Afonso et al., 2019, 2013a,b;
Yang et al., 2021). The Mg# uncertainties are highest in central and southern Greenland and the
Queen Elizabeth Island (Fig. 3.9-D). The amplitude of these uncertainties can reach ~50% of
the spatial variations (Fig. 3.9-C) and so are important to consider when interpreting the results.

Given that the majority of Greenland and eastern Canada have Mg# values in the range 90-91, it
follows that these areas are believed to be relatively unaffected by large-scale magmatic events.
On the other hand, we infer fertile mantle with Mg# values ~89 in oceanic areas, with some of the
most fertile mantle in localised areas of eastern and western Greenland, and in Baffin Bay. These
areas coincide with the locations of basaltic lavas (Tegner et al., 2011; Larsen and Pedersen,
2009) and relatively thin lithosphere, which supports the hypothesis of active volcanism and
lithosphere thinning producing relatively small Mg numbers.

3.4.2 Comparison of lithosphere thickness estimates

In the comparisons provided below, it is important to be aware that lithospheric thickness esti-
mates based on these different methods are not comparable in the absolute sense as they provide
different measures of this quantity (Eaton et al., 2009). However, the geographic pattern of
thickness variation between the different estimates should be broadly comparable.

The LAB depth results from Steinberger et al. (2019), illustrated in Fig. 3.12-B are based on
the Arctic tomography model AMISvArc (Lebedeva-Ivanova et al., 2019). In this LAB model,
thick (>250 km) regions exist in northeast, northwest, and central southern Greenland, as well
as northeastern Canada. The thinnest lithosphere (~40 km) exists in central eastern Greenland,
Baffin Bay, and the Labrador Sea. The LAB depth inference from Artemieva (2019) (Fig. 3.12-
C) is based on the thermal 1sostasy method using seismic, heat flow, and gravity data sets (Model
1 out of two proposed models is shown here). In this model, a thick lithosphere (~250 km)
is evident in south and southwest Greenland and a zone of thin lithosphere (~50-100 km) is
evident near Scoresby Sund in east Greenland that extends to the northwest of Greenland. A
regional study using gravity and (rock-equivalent) topography (Steffen et al., 2018) estimated
elastic thickness in the Greenland region (Fig. 3.12-D), finding relatively large values of up to
~90 km under northwestern Greenland, and low values (20-30 km) for southeastern Greenland
and Baffin Bay.

All four models depicted in Fig. 3.12 show significant differences in the spatial pattern of litho-
sphere thickness variations. This reflects the different methods and data sets used in each case.
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Figure 3.12: A) Mean value of the depth to the 1250 °C isotherm inferred in this study, and B) LAB
depth from Steinberger et al. (2019) using AMISvArc seismic data from Lebedev et al. (2018), C) LAB
depth (first model) from Artemieva (2019), and D) elastic thickness from Steffen et al. (2018). It should
be noted that the color bar scales for depth to the LAB and elastic thickness are different since the absolute
values are not compatible and variations are more of interest.
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While there are some broad similarities - relatively thick lithosphere in the north and thin litho-
sphere in the central east - the differences are considerable. Compared to Steinberger et al.
(2019), our results don’t show a well-defined region of thicker lithosphere in northeastern Green-
land, and the region of thinner LAB values in central eastern Greenland shows a much smoother
gradient (moving westwards from the coast). Our model shows much greater variation in LAB-
depth across most of Greenland compared to the model of Steinberger et al. (2019). Comparing
our model to that of Artemieva (2019), the main differences are that the region of thicker litho-
sphere in southern Greenland in our model does not extend to coastal areas and that we do not
infer a region of relatively thin lithosphere in northwestern Greenland (our model indicates a
relatively thick lithosphere in this area). Furthermore, the location of the thinner lithosphere in
eastern central Greenland is located further to the north in Artemieva (2019). In Steffen et al.
(2018), the estimated elastic thickness is approximately uniform in central south Greenland,
while our results suggest more variation. The spatial pattern of our result is consistent with the
model of Steffen et al. (2018) except for the well-defined region of the thicker lithosphere in
central south Greenland in our model.

The general agreement of deep LAB in northwestern Greenland and shallow LAB in eastern
Greenland indicates that these features are the most robust. As noted, there are significant dif-
ferences in the spatial extent and location of these features. The existence of a deep lithospheric
root in southern Greenland is evident in three of the four models (Fig. 3.12-A&C). However, the
spatial extent and location of this feature is markedly different between these three models. The
differences can be ascribed primarily to the limited sensitivity of the input data and the assigned
approaches to determine lithosphere thickness. The majority of seismic velocity-based methods
have shown limited sensitivity in thick lithosphere environments (Eaton et al., 2009). Regard-
ing this approach, the vertical resolution of a shear wave velocity model derived from surface
wave (Rayleigh wave) data is limited, with a vertical resolution typically in the range of 20-50
km for the upper mantle (e.g., Celli et al., 2021; Darbyshire et al., 2004, 2017), and significant
uncertainties remain in the velocity-temperature conversion due to the neglect of factors such
as composition, anelasticity, melt and the presence of other fluids (e.g., Darbyshire et al., 2004,
2017; Lebedev et al., 2018; Schaeffer and Lebedev, 2013).

3.4.3 Implications for constraining the Iceland hotspot track beneath Green-
land

Here, we discuss some of our results and their implications for constraining the hotspot track
in light of past work. Fig. 3.13 shows our estimates of LAB-depth (left) and lithospheric Mg#
(right) with previously proposed hotspot tracks superimposed.
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Figure 3.13: LAB depth (left) and Mg# (right) overlaid by reconstructed Iceland hotspot tracks from
previous studies (see legend). Different colors represent results from various studies as indicated in the
legend. The legend also indicates whether each reconstruction is based on assuming a fixed or moving
hotspot.

The inferred LAB-depth variations in Greenland are expected to reflect thermal erosion (or
thinning of the lithosphere) and significant underplating by dense mafic material - both a com-
mon consequence of plume passage (Steinberger et al., 2004). During the underplating process,
the heat source from the plume would have moved the LAB isotherm to shallower depths and
increased the concentration of radiogenic heat-producing material due to partial melting, which
may have acted to prolong the heat flux along the plume track. These observations agree with
Martos et al. (2018) in eastern and offshore northwestern Greenland, who infer a shallower Curie
depth and elevated heat flux along the postulated plume track with a NW-SE orientation within
Greenland. On the other hand, Rogozhina et al. (2016) infer a hotspot track from SHF analysis
that is oriented more west to east, with an eastern location that is further north compared to the
results of this analysis and those in Martos et al. (2018).

Although we used the surface heat flow data from Martos et al. (2018), which is reflected in
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our crustal RHP result, the LAB depth doesn’t follow this pattern completely: it differs sub-
stantially in central to northwestern Greenland. Instead, it correlates more with previous studies
(Doubrovine et al., 2012; Lawver and Muller, 1994; Muller et al., 1993; Mordret, 2018; ONeill
et al., 2005; Rogozhina et al., 2016; Steinberger et al., 2019) that suggested a possible W-E Ice-
land plume track through Greenland after passing from Ellesmere Island and Baffin Bay. Also,
as suggested by some previous studies (e.g., Doubrovine et al., 2012; Lawver and Muller, 1994;
Muller et al., 1993; Steinberger et al., 2004), the Iceland plume may have been responsible for the
opening of Baffin Bay and the associated magmatism in eastern and western Greenland, which is
supported by a shallow LAB in these regions. The exposed volcanic rocks of the North Atlantic
igneous Province (NAIP) in east and west Greenland, which is thought to extend beneath central
Greenland (Dawes, 2009) follow the same W-E direction. This interpretation is also supported
by the inferred change in mineral composition at 250 km depth and below (Fig. A3.7), where
the proportion of garnet and cpx increases from west to east. The high Mg# values (90.5-91) in
the interior of Greenland (Fig. 3.13-right), reflect the effect of a hotspot in depleting the mantle
and altering the rocks during the underplating process. However, due to high uncertainty and
the average Mg# estimation in lithosphere, the hotspot track is not clearly captured in the Mg#
values.

Based on the above discussion, we conclude that, our results don’t overlap with previous
studies suggesting a NW-SE path (e.g., Martos et al., 2018; Steinberger et al., 2004; Jason Mor-
gan, 1983; Cox and Hart, 1986), and we conclude that a W-E Iceland plume track over Greenland
seems the most likely scenario based on current constraints.

3.5 Conclusion

We present state-of-the-art constraints on the thermochemical properties of the lithosphere and
sublithospheric upper mantle beneath Greenland and surrounding regions. This study combined
multiple geophysical data such as new high-resolution Rayleigh wave PVDCs, geoid height, sur-
face heat flow, and absolute elevation data to constrain thermodynamic structure using a Bayesian
joint inversion method. Our main results and their implications are summarized in the following.

* Our inference of thermal structure extends previous results in terms of the spatial resolution
and geographic coverage and indicates large variations in LAB-depth across Greenland. In
northwestern and southern Greenland, the LAB is located at depths ~250-300 km corre-
lating with cratonic regions. Whereas, in the east, the depth to the LAB is much shallower
(~100 km). Despite some agreement between our LAB depth estimation and previous
studies (Steinberger et al., 2019; Steffen et al., 2017; Lebedev et al., 2018), significant
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differences exist in northwestern and southern Greenland, indicating the importance of
considering a range of input data (e.g., seismic, geoid height, topography).

* Our LAB-depth inference supports the hypothesis of a major lithospheric erosion event
caused by passage of the Iceland hotspot through Greenland’s interior. Despite the ef-
fect of plume passage on RHP concentration and, therefore, SHF, we do not observe any
correlation between SHF and LAB-depth in northwestern Greenland. The inferred thin
lithosphere in the mid-section of Greenland is in agreement with reconstructions suggest-
ing a possible W-E Iceland plume track beneath Greenland after passing beneath Ellesmere
Island and Baffin Bay. The exposed volcanic rocks of the NAIP in east and west Green-
land, which is inferred to extend beneath central Greenland, follow the same W-E path.
This interpretation is also supported by the inferred change in mineral composition at 250
km depth and below.

* Thermochemical uncertainty estimation indicates that the quality of the inversion result is
depth-dependent and spatially variable for each parameter. Inversion reliability is strongly
dependent on the input data quality and the sensitivity of model output to the parameters
being inverted. Our inference of physical structure (e.g., temperature, density) is more
robust than that of chemical structure, partly due to the different quality in the input data
sets. Furthermore, spatial resolution (depth and geographically) is strongly dependent on
the adopted PVDC data set (e.g., constraints in the crust and below 300 km are relatively
poor).

Our 3D temperature and compositional model offers implications for several geodynamic
processes. Our results complement and expand past work that indicates large variations in the
thermal structure of the Greenland lithosphere and shallow mantle. Comparing our results to pre-
vious studies emphasizes the importance of combining different data sets with complementary
sensitivities to investigate thermochemical estimates of the lithosphere and upper mantle. Despite
overall high-quality inversion results, there are several recommended paths to extend the work
presented here. One that affects the geothermal reconstruction significantly is not considering
the shallow local thermal processes such as volcanism and deep thermal processes such as heat
transfer by advection. Ignoring these processes can advective heat transfer result in overestima-
tion of other parameters such as crustal RHP (e.g., offshore southern Greenland) and lithospheric
geotherms (e.g., offshore eastern Greenland in the proximity of Iceland). In terms of new data
constraints, adding different forms of seismic data such as Vp, Vs, and receiver functions will
strengthen the inversion quality. The addition of new (e.g., magnetorelluric Bedrosian, 2007;
Takam Takougang et al., 2015) and improved data sets (e.g., petrological) will enhance reso-
lution and enable more robust interpretation, allowing the community to move towards a more
highly resolved and accurate lithosphere model for the Greenland region.
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3.6 Appendix A3

This supplementary material presents additional information to support the primary text.

» Text and Fig.
» Text and Fig.
» Text and Fig.
» Text and Fig.
» Text and Fig.
» Text and Fig.
» Text and Fig.

» Text and Fig.

A3.1.
A3.2.
A3.3.
A34.
A35.
A3.6.
A3.7.

A338.

Rayleigh wave PVDC data-model difference

1D inversion results in southern-offshore Greenland

1D inversion results in western-offshore Greenland

Inversion results for crustal properties
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Input data-model and the differences.
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Text A3.1. The input seismic wave dataset (Rayleigh wave PVDC here) and corresponding
model calculated values may differ in some locations. For example, Fig. A3.1 illustrates the
differences between input and inverted Rayleigh wave PVDCs for various periods. Although the
spatial variation at each period is about ~10 m/s, variability is different between periods. Based
on this figure, the model velocities are generally faster for short periods and slower for longer
periods. Note that, the mean value of the PDFs was used to generate these differences and so
model uncertainty might be larger than some of the differences shown.

Text A3.2. Inverted thermochemical parameters for the example high total misfit location in
southern-offshore Greenland (located in Fig. 3.5). At this location, the acceptance ratio of the
simulation is 36% and, like results at the example ice covered location (Fig. 3.7), based on the
distributions of the parameters, the inversion quality differs with depth for each quantity. In
general, the quality of the inversion results is high, as the uncertainties are less than 10% of the
estimated mean predicted value for most of the thermo-chemical parameters. We note that the
uncertainties for some properties, such as temperature and seismic velocity, are lower than those
determined for the example ice-covered location. The mineral volumes follow the same pattern
as for the ice-covered location. Olivine is the dominant mineral and garnet volume increases
with depth and becomes the second dominant mineral.

Text A3.3. As a final example, we also investigated a location of relatively high total misfit at
a continental location. Based on the 1D inversion results shown in Fig. A3.3, the quality of the
inversion is high as the uncertainties are less than 10% with 32% acceptance ratio for the sim-
ulations. For the ocean location example (Fig. and text A3.2), the inversion quality is higher
compared to the ice-covered location due to lower uncertainties. In contrast to the ice-covered
and oceanic regions, olivine in the continent increases with depth and becomes more than 60%
of the mantle below the LAB.

Text A3.4. The crustal analysis is not of interest to this study as the main aim is to infer Earth
structure in the upper mantle. However, crustal parameter settings are important as they can in-
fluence the inferred mantle parameters. For example, there are important boundary conditions
like SHF and Moho depth that are key to the inversion problem. Since the input datasets are
generally less sensitive to crustal properties, the inversion quality for crustal parameters is is
poorer compared to that for mantle properties, and crustal properties often have uniform poste-
rior distributions. Crustal inversion properties are divided into three different layers in Fig. A3.4.
The first layer generally considers what is above the Earth’s surface, such as ice in Greenland
and sediment in continent and ocean regions. Based on panels in the first row (Fig. A3.4), the
thickest first crustal layer is located in Baffin Bay, Queen Elizabeth Island, and northeast Green-
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land, corresponding to substantial sediment packages. The density in sediment-covered regions
is fairly constant and is higher than ice-covered regions. Also, the seismic velocity in sediment-
covered regions is higher than ice-covered regions, where the sediment thickness is large. The
thickness in the second layer varies from ~15 km in continents to ~5 km in oceans. The density
variation is low except for a few areas in the NW, western, and southeastern Greenland. The
seismic velocities are low in a few areas like NW Greenland and ocean areas and are high in
some locations such as the Queen Elizabeth Island, southern Baffin Island, and a few areas in
Greenland. In the third crustal layer (Fig. A3.4-third row), continental regions are thicker than
the oceanic plate with the thickest parts in southern Greenland and northern Baffin Island and
thinnest parts in Baffin Bay and oceanic regions. Density is higher in northern Baffin Island,
the Queen Elizabeth Island, Baffin Bay, and the Labrador Sea, and there are a few low-density
zones in eastern and northeastern-offshore Greenland. The seismic velocity variations are high
in northern Baffin Bay, Queen Elizabeth Island, and southern Greenland. As mentioned above,
since the distribution of crustal properties is close to a uniform distribution, the mean of PDF
(shown here) may not be accurate.

Text A3.5. Uncertainty in our inference of mantle properties enables us to interpret the inver-
sion quality and determine how well spatial variations are captured in these properties. Although
the absolute uncertainty magnitudes are generally small, they can be significant compared to the
captured spatial variations in inverted properties. The inversion uncertainties vary spatially and
with depth. Also, the magnitude and variations differ for each property, reflecting the model
sensitivity to various input geophysical data sets. The main text thoroughly discusses the effect
of uncertainties on inverted properties.

Text A3.6. The distributions of major elements in the mantle vary with geographical location
and depth. The four most common elements in the mantle are shown in Fig. A3.6. MgO is
the most abundant element compared to others and, in the lithosphere, it is dominant in conti-
nental regions such as Greenland and the Baffin Islands. In the asthenosphere, this element is
depleted in the continent and is found more in oceanic regions like Baffin Bay, Labrador Sea, and
eastern-offshore Greenland. The second abundant element is FeO which is dominant in oceanic
lithosphere such as Baffin Bay, and continental asthenosphere like northeastern Canada. Sur-
prisingly, Greenland doesn’t exhibit the same pattern, and the FeO volume decreases with depth.
Based on the last two columns of Fig. A3.6, Al,O3 and CaO correlate laterally and with depth.
Both of these elements are at their highest in the oceanic lithosphere such as Baffin Bay and
eastern-offshore Greenland and continental asthenosphere such as Greenland. Al,O; and CaO
increase with depth mostly in eastern Greenland. Based on Fig. A3.6, MgO inversely correlates
with other elements except for FeO in the Greenland asthenosphere. It should be noted that the
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geographic and depth variations of FeO, Al,0O3, and CaO are insignificant and these estimations
are not constrained well.

Text A3.7. Mineral distributions vary significantly with depth and location. Olivine is the most
abundant mineral in the mantle with a volume of ~60%-65%. At different depths, olivine is
dominant mostly in oceanic regions (and southern Baffin Island) at depths of 50 km. It is more
abundant in continents such as Greenland and northeastern Canada at depths ~50-250 km. Gar-
net is the second dominant mineral in the mantle with a volume of ~20-25%. This mineral
is dominant in oceanic regions at shallower depths (~100 km) and in continents at, generally,
greater depths (>50 km; except for two thick cratonic regions in northwestern and central south
Greenland). Based on the last two columns in Fig. A3.7, opx correlates directly with olivine vari-
ations, whereas cpx directly correlates with garnet variations. The connection between mineral
distributions and thermal structure is discussed in the main text.

Text A3.8. In Fig. A3.8, the data-model differences are illustrated over our entire study region.
The differences for elevation and geoid height are less than 4%, but reach 40% for SHF in
eastern Greenland close to Iceland and in the Davis Strait (the ocean area between Baffin Bay
and western Greenland). It is worth noting that although the SHF differences over Greenland
are small (< 20%), they are larger elsewhere, particularly in marine areas, which could indicate
large model structural error (not considering convective heat flow), or input data inaccuracy. As
mentioned in Sec. 3.2.4, the input SHF values are a combination of two datasets: one of higher
resolution with low uncertainty over Greenland (Martos et al., 2018), and the other a global
data set with large uncertainties in other areas (Lucazeau, 2019). In the latter case, the larger
input uncertainties result in a wider distribution of possible values in the inversion procedure,
leading to an increase in the width of the posterior PDF (or a decrease in the precision of the
inversion). However, it should be noted that the mean values of the posterior PDFs are considered
for comparisons, and so the large differences do not necessarily imply lower accuracy. As long
as the predicted data is in the range of input uncertainty, the predicted models are acceptable
(accurate) (e.g., SHF for the ocean grid point (location 1 in Fig. 3.5-A) in Fig. 3.6). The seismic
data-model differences are also negligible, as illustrated in Fig. A3.1.
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Figure A3.1: Difference between input and modelled (mean value of the posterior PDF) for Rayleigh
wave phase velocity for short to long periods.
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Figure A3.2: A) Location map of the grid point in southern-offshore Greenland with high total misfit
(location labeled as ‘1’ in Fig. 3.5). B-F) Posterior distributions of temperature, Vs, Vp, bulk density,
attenuation. Gray lines denote the accepted models, black lines are the mean of the posterior distribution,

and the dashed blue lines are the 1o uncertainties. G) Inferred volume profiles of four dominant mantle
minerals.
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Figure A3.3: A) Location map of the grid point in western-offshore Greenland with high total misfit
(location labeled as 2’ in Fig. 3.5). B-F) Posterior distributions of temperature, Vs, Vp, bulk density,
attenuation. Gray lines denote the accepted models, black lines are the mean of the posterior distribution,

and the dashed blue lines are the 1o uncertainties. G) Inferred volume profiles of four dominant mantle
minerals.
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Figure A3.4: Crustal properties resulting from the inversion. Left to right: crustal thickness, density, Vp
and Vs. Top to bottom: crustal layer 1, layer 2, and layer 3.
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Figure A3.5: Uncertainties of shallow mantle properties at different depths. Left to right: temperature,
density, Vp, and Vs. Top to bottom: depths of 50 km, 150 km, 250 km, and 350 km.
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Figure A3.6: Depth-averaged major element spatial distributions in the lithosphere (first row) and as-
thenosphere (second row). From left to right: MgO, FeO, Al,03, CaO.

113



70°N

60°N

70°N

60°N

70°N

60°N

70°N

60°N

60°W

60°W 30°W

4 6 8 10 8 9 0 11 12
Olivine Volume (%) Garnet Volume (%) Opx Volume (%) Cpx Volume (%)

Figure A3.7: Distribution of mantle minerals at different depths. Left to right: Olivine, garnet, opx, and
cpx. Top to bottom: depths of 50 km, 150 km, 250 km, and 350 km.
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Figure A3.8: Observed (first row), modeled (mean value, second row), and the difference (modeled minus
observed, third row) for (left to right): elevation, geoid height, and surface heat flow (SHF).
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Chapter 4

The Influence of Lateral Earth Structure
on Glacial Isostatic Adjustment in
Greenland

4.1 Introduction

The evolution of the GrlIS is influenced by solid Earth deformation, which depends on the rhe-
ological properties of the underlying crust and mantle. Quantifying bedrock deformation or
the isostatic response is also necessary to interpret geological observations of relative sea-level
change (Tarasov and Richard Peltier, 2002; Fleming and Lambeck, 2004; Lecavalier et al., 2014)
and present-day vertical land motion (Dietrich et al., 2007; Khan et al., 2016; Berg et al., 2024)
for understanding ice balance changes and Earth rheology (viscosity) structure. A common as-
sumption in most of these studies is that a spherically-symmetric Earth model with radial varia-
tions in viscosity structure is sufficiently accurate for the Greenland region, which is dominated
by low temperatures and thus relatively thick lithosphere and high viscosity mantle material.
Recent work (noted in previous chapters) has challenged this assumption, particularly in regions
influenced by the Iceland hotspot, which is supported by anomalously high VLM rates associated
with past ice mass changes (Khan et al., 2016).

Lecavalier et al. (2014) considered a broad range of Earth model parameters and inferred
a 120 km thick lithosphere, 5x10?° Pas upper mantle viscosity (UMV), and 2x 10*! Pas lower
mantle viscosity (LMV) in Greenland. This model provided a relatively accurate fit to paleo RSL
dataset except for southern and northwestern Greenland, where the model underestimates RSL
in the Early Holocene (in both regions). The RSL data-model misfits in northwestern Greenland

116



were largely resolved by implementing an improved temperature forcing for this sector of the
GrIS (Lecavalier et al., 2017). Although, the revised ice sheet model provides better fits to RSL
data in this region, the lack of more precise RSL observations is a limiting factor in testing and
improving GIA models for northwest Greenland. The RSL discrepancies in southern Green-
land remain a challenge to explain (e.g., Milne et al., 2018). Steffen et al. (2020) proposed the
glacially-triggered faulting hypothesis in which the oldest RSL data were moved upward due to
the brittle failure of crustal rocks in the early Holocene.

In 2016, Khan et al. (2016) generated a new VLM dataset based on GNSS measurements.
This database separated the VLM signal associated with contemporary ice thickness changes
(during the GNSS monitoring period) to that due to ice sheet changes prior to this period (asso-
ciated with GIA). Their investigation highlighted large VLM data-model misfits associated with
GIA, especially in the southeast of Greenland. The GIA-related VLM rates show large spatial
variations with higher VLM rates compared to model rates. Milne et al. (2018) investigated the
influence of lateral Earth structure on Greenland GIA. However, incorporating lateral variability
in Earth structure did not significantly improve the VLM data-model fits. By incorporating re-
cent ice sheet change associated with the Little Ice Age (LIA) and a low viscosity Earth model,
Adhikari et al. (2021) succeeded in fitting the VLM data. However, the low viscosity values ob-
tained are not supported by RSL data spanning millennial timescales (for which higher viscosity
values are preferred). Therefore, a transient rheology hypothesis was introduced to explain the
viscosity change through time (Adhikari et al., 2021), which is supported by seismic results and
mineral physics considerations (Paxman et al., 2023). Pan et al. (2024) introduced an alternative
explanation by considering a thin low viscosity layer at the base of the lithosphere. Introducing
such a layer makes it possible to fit both the paleo RSL and VLM data sets. However, there has
not been any independent evidence supporting a thin low viscosity layer in seismic tomography
models (Ajourlou et al., 2023; Celli et al., 2021).

Since the rheological properties of the crust and mantle are strongly controlled by tempera-
ture (Ranalli, 1995; Karato et al., 2008), we utilize the thermal structure model for the Greenland
lithosphere and upper mantle from Chapter 3 to develop an ensemble of 3-D viscosity structures.
The impact of these structures on the interpretation of both RSL and VLM datasets is investi-
gated with respect to the recent studies outlined above to determine if they have a significant
influence on the GIA model fits to RSL and VLM data (Adhikari et al., 2021; Paxman et al.,
2023; Pan et al., 2024). Furthermore, we investigate the impact of recent ice loading (e.g., LIA
and peripheral glaciers) on the present VLM rates. Finally, we quantify the RSL and VLM rate
uncertainties associated with lateral variations in Earth viscosity structure.
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4.2 Data and Methodology

4.2.1 Paleo RSL and Contemporary VLM Data

Holocene RSL data points used in this project are taken from Lecavalier et al. (2014), but with
some new data added (Sarah Woodroffe, personal communication). RSL height at a specific time
is measured in different locations, and data are grouped into 60 sites (Fig. 4.1-A). These sites
are mostly concentrated in western and eastern Greenland with two distinctive spatial gaps in
northwestern and southeastern Greenland. The temporal and height distribution of RSL points is
illustrated in Fig. 4.1-B and comprises 123 SLIPs, 741 marine limiting points, and 172 terrestrial
limiting points (see Section 1.5.3), mainly spanning the Holocene (~10 kyr BP to present). Based
on Fig. 4.1-B, the relative sea level in Greenland experienced a rapid fall following the onset
of major regional deglaciation in the Early Holocene (~ 12 kyr BP). Most sea level changes
occurred between the Early and Mid-Holocene (~10-4 kyr BP), and since then, the amplitude
of RSL change has been relatively low. In the Early Holocene, SLIP heights vary by more than
100 m, demonstrating significant spatial variations in RSL around Greenland. RSL data points
were pre-processed before being utilized in a data-model misfit analysis (Sec. 4.2.4).

The contemporary VLM data are calculated from Greenland’s GNSS Network (GNET).
As noted above, these VLM data include signals associated with surface loading on different
timescales (e.g., deglacial, LIA, contemporary changes) within Greenland and further afield
(Berg et al., 2024). The VLM rates are estimated at 58 GNET stations (Fig. 4.2) over a decade
(2010-2022) to ensure the rates are not significantly affected by short timescale (interannual to
annual) processes. The VLM rates are corrected for the present-day elastic solid Earth response
(due to the contemporary ice loading change) to remove the non-GIA signal (more details in
Berg et al. (2024)). Most VLM rates are around O to 4 mm/yr except for the high VLM rates in
southeastern Greenland and low VLM rates in southwestern Greenland.

In this study, we did not consider RSL and VLM data from sites in northwestern Greenland
(Figs. 4.1-A and 4.2) given that the adopted ice model (Huy3) is known to be inaccurate in this
region (Lecavalier et al., 2017).

4.2.2 Generation of 3D viscosity models
To model RSL and VLM associated with GIA, a global model of Earth viscosity structure is re-

quired. We construct such a model by combining estimates of regional viscosity structure (using
results from Chapter 3) with global models determined using seismic velocity models. Since
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Figure 4.1: A) The spatial distribution of RSL data sites across Greenland (Table A4.1). Sites circled
in red were not used in the data-model comparisons due to a known bias in the ice model in this region
(Lecavalier et al., 2017). B) RSL reconstructions for all sites, including three types of RSL data (see key).
The height and width of the RSL data points represents 1o uncertainty in RSL height and time. Following
convention, only half of the 1-sigma range is shown for limiting data points (‘top’ half for terrestrial and
‘bottom’ half for marine).

we are using the Seakon 3D GIA model in this analysis, we adopt the following relationships to
calculate perturbations in viscosity structure from perturbations in shear wave velocity structure
(Latychev et al., 2005):

inp (r.0,6) = 9L (1) IV, (r,0,0), (4.1
1

orT (Tv 07 ¢) = W 5111/) (Ta 97 ¢)7 (41b)

on (r,0,¢) = exp (=€ 0T (r,0,9)), (4.1c)

where V5, p, and 07 are the perturbations in shear wave velocity, density, and temperature, re-
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Figure 4.2: The 58 GNET stations used in
this chapter. Colored circles show the VLM
rates at each site. Sites circled in red were
not used in the data-model comparisons due
to a known bias in the ice model in this re-
gion (Lecavalier et al., 2017).

VLM rate (mm/yr)

spectively. 61 (= n/no) is the relative viscosity, indicating the viscosity perturbation from the
reference viscosity. 88]:1“{,’5 and e are scaling factors, « is the coefficient of thermal expansion,
r,0, and ¢ are the radius, colatitude, and east longitude. The coefficient of thermal expansion
(a) 1s depth-dependent and is estimated based on laboratory experiments performed under high
temperature and high pressure conditions (Chopelas and Boehler, 1992). The viscosity scaling
factor (¢) determines the contribution of temperature perturbations to lateral viscosity variations.

We adopt two values for € (0.02 and 0.04 °C™1) to crudely account for uncertainty in this value.

4.2.2.1 Regional Earth Model

Global seismic models and, therefore, global viscosity models determined from them have lim-
ited spatial resolution and so are unable to capture structures less than a few hundred km in
spatial scale. To improve previous work that consider global models only (Milne et al., 2018),
we develop regional models of 3D Earth structure using the temperature models determined in
Chapter 3 (Fig. 3.10). Therefore, we skip Eq. 4.1a-b and scale the inferred temperature per-
turbations to viscosity perturbations (Eq. 4.1c). The regional viscosity model is on a 1°x 1°
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grid, covers Greenland and northeastern Canada, and extends down to mid upper mantle depths
(~400 km).

LitMod temperature output is provided as a posterior PDF (Chapter 3). However, investi-
gating the whole PDF is not practical due to the computational expense of 3D GIA modelling.
Therefore, the mean value of the posterior PDF (based on the assumption of a Normal distribu-
tion) is used to estimate the mean lateral viscosity variations. Fig. 4.3 illustrates the viscosity
models at different depths using two scaling factors (¢ = 0.02 °C~! and € = 0.04 °C~!). The
viscosity models in Fig. 4.3 illustrate large spatial variations within and peripheral to Green-
land (~6 orders in top left panel). The lowest viscosity values appear in oceanic regions (e.g.,
Baffin Bay, the Labrador Sea, and the Greenland Sea). Some continental regions also show
relatively low viscosity values, notably eastern and southern Greenland. Whereas, the highest
viscosity values exist in thick and cold cratonic regions (e.g., western Baffin Island and north-
western/centersouthern Greenland).

Similar to global viscosity models, global lithosphere thickness models are generated on a
coarse grid with relatively low spatial resolution. Therefore, we use our results of depth to the
LAB in Chapter 3 (Fig. 3.9) as the regional high-resolution lithospheric thickness (LT) model.
The regional LT model in Chapter 3 is defined as the depth to the 1250 °C isotherm and reveals
high lateral variations in Greenland. The highest variations of LT are captured in eastern, south-
ern, and northwestern Greenland. Eastern Greenland has the lowest LT because of the proximity
to the Iceland hotspot and the likely passage of this hotspot under eastern Greenland in the ge-
ologically recent past. High LT represents deep and cold cratonic features in central south and
northwestern Greenland. As for the regional viscosity model, the regional LT model needs to be
included within a global model to be implemented in the GIA modelling.

4.2.2.2 Global Viscosity Model

We applied the S40RTS (Ritsema et al., 2011) and SL2013 (Schaeffer and Lebedev, 2013) seis-
mic tomography models to generate lateral viscosity perturbations. The global shear wave ve-
locity perturbation in SL2013 extends to 1000 km depth, whereas S40RTS covers the whole
mantle. We combine these two models such that SL2013 defines structure in the upper mantle
and S40RTS the lower mantle. To avoid numerical artifacts, the velocity perturbations were lin-
early interpolated over a depth range of several hundred km in the shallow lower mantle. The
scaling relationships defined in Eq. 4.1, were used to convert the resulting global shear wave
perturbations to global viscosity models. As noted above, two epsilon values were used in the
last step to convert temperature variations to viscosity variations. The final viscosity model is de-
termined by patching the regional viscosity model into this global model (Fig. 4.4). We adopted
an interpolation procedure to avoid edge effects where the two models are joined. An example

121



Figure 4.3: Relative viscosity models (log (n/19)) determined from the mean of the temperature posterior
PDF with € = 0.02 °C~! in the first row and € = 0.04 °C~! in the second row.

viscosity model (Fig. 4.4-A) illustrates the viscosity perturbations with respect to a reference
(radial) viscosity profile (Section 4.2.4).

We used the global lithosphere model presented in Afonso et al. (2019) (called LithoRef18),
which is defined on a 2° x 2° grid. LithoRef18 is constructed from multiple geophysical data sets
used in a joint inversion approach. LAB depth in LithoRef18 is defined as the depth to the 1300
°C isotherm. So, to make the global and regional LT models compatible, we created a revised
version of LithoRef18 by using the 1250 °C isotherm from the inferred temperature profiles to
define LAB depth. Note that the final LT model is scaled to give a global mean that is compatible
with the optimal radial model (Section 4.2.4).
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Figure 4.4: Final Earth models. A) Lateral viscosity variations at depth 120 km from the combi-
nation of regional viscosity and global models (SL2013 and S40RTS). B) Lithospheric thickness

from the combination of our regional model (Chapter 3) and a global model based on the results
of Afonso et al. (2019). Lower panels show results for our study region only.
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4.2.2.3 Viscosity Model Uncertainty

Quantifying uncertainty is one of the key aspects of this chapter. However, there is no direct
(analytical) approach to estimating GIA uncertainty from temperature uncertainty. Therefore,
multiple 3D GIA realizations are used to estimate the uncertainty. The 3-D temperature models
resulting from the LitMod inversion were used to determine a sub-ensemble of 3-D viscosity
models for GIA simulations of deglacial RSL and present-day VLM. Given the high computa-
tional expense of the 3-D Earth GIA model, we chose to limit the sub-ensemble to 50 viscosity
models. We chose 25 temperature models that accurately capture the mean of the ensemble and
represent a high variance subset such that uncertainty is well represented in the sub-ensemble
(Figure 4.5). The 25 temperature models were used to define lateral variability in viscosity
(relative to an average, depth varying, profile) via an exponential dependence of viscosity on
temperature (Eq. 4.1¢). Uncertainty in the parameter that defines the strength of this dependence
(e in Eq. 4.1¢) was accounted for by considering plausible end-member values for this value, 0.02
°C~1 and 0.04 °C~!, giving a total of 50 laterally variable viscosity models. The same approach
was applied to generate the lithospheric thickness sub-ensemble from sampled temperature pro-
files. These 50 Earth models, spanning the area of interest and extending to a depth of ~400 km,
were patched into the global Earth model described above (Sec. 4.2.2.2).

0 : Figure 4.5: Sampled temperature profiles from
the posterior PDF at a grid node in east-
. ern Greenland. @ The averaged temperature
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PDF, whereas the averaged sampled temperature
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4.2.3 GIA modelling

The solid Earth response of a compressible, self-gravitating, viscoelastic Earth to an ice loading
history is calculated from a numerical finite-volume approach via a forward modelling method
(Latychev et al., 2005). In this approach, the solid Earth deformation is calculated on a multi-
layered triangulated (spherical tetrahedral) grid, and the outputs are changes in gravity and hor-
izontal and vertical surface motion. Physical properties such as viscosity, density, and elastic
parameters are assigned to each tetrahedron vertex (grid node). Grid resolution varies with depth
because the Earth’s lateral variation in the lithosphere is higher compared to the relatively ho-
mogeneous mantle. The defined grid size (radially and spatially) is ~15 km near the surface
and increases to ~50 km at the CMB. Sea-level changes (ocean loading) is computed by solving
the sea level equation (Clark et al., 1978) which accounts for coastline evolution (Mitrovica and
Milne, 2003; Kendall et al., 2005) (see Section 1.5.2). The influence of Earth rotation on GIA
model output is also included (Milne and Mitrovica, 1998; Mitrovica et al., 2005).

The Earth and ice models are the two key model inputs required to solve the sea level equa-
tion. The input ice model provides information about ice thickness and extent at different times.
We used the Huy3 ice model (Lecavalier et al., 2014) for the deglacial period, specifically con-
strained to reconstruct the GrIS evolution from the LGM to the present. This ice model is the
most recent reconstruction of deglacial GrIS changes based on fitting GIA-related (RSL) obser-
vations. As discussed above, the Huy3 model is known to underestimate ice thinning in NW
Greenland during the Holocene (Lecavalier et al., 2017). Therefore, we exclude this region from
the RSL and VLM interpretations in this analysis. For the interpretation of present-day VLM
rates, we also consider the more recent ice sheet loading during and following the Little Ice Age
(Kjeldsen et al., 2015), as well as changes in peripheral glaciers (PG) during the 20th century
(Khan et al., 2022).

The input 3D Earth models are defined in Section 4.2.2. As noted above, we impose the
lateral viscosity structure onto a 1D (radial) viscosity model. The 1D reference viscosity profile
is defined as a uniform viscosity within the upper and lower mantle. This model assigns one
viscosity value below the lithosphere down to 670 km and one below 670 km down to CMB.
An optimum 1D reference model is achieved by examining a combination of different LT-UM V-
LMYV values and comparing the resulting model output to RSL data. Lecavalier et al. (2014)
determined an optimal 1D reference model with an LT of 120 km, 5x10?! (Pas) for UMV and
2x10% (Pas) for LMV. Past 3D modelling work (Milne et al., 2018) assumed this optimal 1D
3-layer model (LT-UMV-LMYV). However, this 1D model is likely biased due to ignoring the
influence of lateral Earth structure. Therefore, in this study, we explicitly infer a 1D structure
that optimises the fit of our average (mean) 3D model with the RSL dataset (Section 4.2.4).
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4.2.4 Estimation of Earth Model Parameters

The quality of a given model parameter set is determined by comparing model output to the
reconstructed RSL data (Fig. 4.1). The optimum applied Earth viscosity model has the lowest
data-model misfit. The data-model misfit is calculated based on the minimum distance (LL.2-norm
or Euclidean distance) between each SLIP and the modelled RSL. The misfit for SLIP data is
calculated via (Mitrovica et al., 2000):

1 |e. A A
OSLIP = 7 > (Z)dsem +(;)t2,n)7 (4.2)

n=1 g
where Aggy,, and A, are the observed and modelled RSL difference for the n*" observation
in height and time, respectively. orsr, and oy, are the RSL height and time uncertainties,

respectively, and NV is the total number of SLIP data at each site.

Since the RSL limiting data constrain height in one direction only, it is difficult to determine
the closest point on the model curve to each data point. Therefore, in this case, a simplified
approach is taken where the misfit is calculated based on equation Eq. ?? in cases where the
model curve sits on the *wrong’ side of the limiting data point (e.g., below a marine limiting
point). Also, since the limiting data points constrain RSL in only one direction, the resulting
misfit is weighted at 50% compared to SLIPs (Eq. ??):

1 | L A
OLim =N Z (;)%gm, (4.32)
n=1
5Total :6SLIP + 0.5 x 6Lim- (43b)

The RSL data in Greenland is not distributed uniformly, and so the data-model misfit can be
biased toward regions and time periods with a high density of RSL data (Briggs and Tarasov,
2013). Therefore, spatio-temporal weighting is applied such that higher weights are assigned in
regions with low data distribution in space and time. To account for spatial variations in data
density, we divided the entire region into five sub-regions (northwestern, northeastern, eastern,
western, and southern Greenland), and the RSL uncertainty is scaled by o = y/n/N, where n
is the number of RSL points in each sub-region and /N is the total number of Greenland-wide
RSL points. To account for variations in temporal data density in a given sub-region, the data
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were divided into four time bins ([0-3 ka], [3-6 ka], [6-9 ka], [9+ ka]), and similarly, the time
uncertainty is scaled by a.

To quantify the impact of lateral variability in Earth structure on RSL and VLM, it is neces-
sary to define a radial (1D) viscosity model on which to superimpose the lateral variations and
compare output from this 3D Earth model to that from a more traditional 1D Earth model. To
ensure a valid comparison, we used a leading deglacial ice sheet reconstruction (Lecavalier et al.,
2014) and determined optimal values for a three-parameter radial model (specifically, LT-UMV-
LMYV) using both 3D and 1D Earth models. These parameter values were optimized based on
minimizing data-model misfit to the RSL dataset (Fig. 4.1). For the 1D case, optimal parameters
are a 120 km lithosphere, an upper mantle viscosity of 5x10%° Pas, and a lower mantle viscosity
of 10%! Pas. Finding an the optimal parameter set for the 3D case is more challenging due to the
high computational expense of a single model run, making it impractical to search the parameter
space.

We adopted a newly developed 3D GIA emulator (Love et al., 2024) to search the parameter
space. In this approach, we selected 48 Earth model parameter sets (from a possible 484) to
generate model output with which to train the emulator (Fig. 4.6). The trained emulator is then
used to predict RSL for the rest of Earth model parameter sets. The emulated RSL values are
compared to RSL data to find the best 1D reference Earth model for our lateral viscosity model.
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4.3 Results and Discussion

4.3.1 Inference of optimal 1D reference

The total misfit between the emulator’s output and paleo RSL data for selected Earth parameter
sets is shown in Fig. 4.7. Relatively low viscosity values in the upper mantle produce larger
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Figure 4.7: Total data-model misfit for emulated RSL using the average lateral viscosity model and
different radial viscosity models. Each frame shows results for a different lithosphere thickness value: A)

46 km, B) 71 km, C) 96 km, and D) 120 km.
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misfits, and larger viscosity values in the upper mantle generally decrease the misfit. Conversely,
relatively low viscosity values in the lower mantle generally produce smaller misfits, although
this is a more subtle feature. Among the four LT values, 71 km generates the lowest misfits;
specifically, the lowest misfit is obtained with 8 x 10?° Pas for the upper mantle and 1x 10?! Pas
for the lower mantle.

Although the emulator predictions are sufficiently accurate (Love et al., 2024), we used the
emulator results (Fig. 4.7) to inform a more detailed search using the Seakon model. That is, we
selected a region of UMV-LMV space with low data-model misfits and used Seakon to find the
optimum 1D reference Earth model produced the minimum data-model misfit using the average
laterally variable viscosity model. Based on the results in Fig. 4.7, we considered the following
parameter ranges: 71 km LT, upper mantle viscosity values between 0.5-2 x 102! Pas, and lower
mantle viscosity values between 1-5 x 10%! Pas. In Fig. 4.8, the total data-model misfit for these
16 LT-UMV-LMYV parameter sets is shown, and 1 x 10! Pas for both UMV and LMV produced
the lowest misfit. The optimal 1D reference model determined from the Seakon runs is only one
increment away from the optimal model inferred from the emulator, which shows the robustness
and accuracy of the employed emulator. The lateral variations in viscosity were superimposed
on the inferred optimal reference 1D Earth model to generate model output of RSL and VLM for
this optimum parameter set.
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4.3.2 Paleo relative sea level

The modelled RSL signal at 8 ka shows the typical pattern of high sea levels in areas character-
ized by ice retreat and negative values adjacent to these regions (Fig. 4.9-A&B). For the 1D case
(Fig. 4.9-A), the ice history model largely governs the spatial pattern. The pattern of RSL change
based on the optimal 3D viscosity model (Fig. 4.9-B) has a similar spatial structure compared
to that for the optimal 1D model but the amplitudes are significantly different. This reflects the
substantial lateral variations in temperature/viscosity (Fig. 4.3), which are neglected in the 1D
model, as well as the different radial viscosity profiles in each case. The 3D model generally
produces lower RSL values around the Greenland coast (except for southern Greenland) and
by as much as 20 m in some locations (i.e., a similar magnitude to the total signal). Modelled
RSL curves for the 1D and 3D cases also show large variations and different patterns around the
Greenland coast (Fig. 4.9-D and Fig. A4.1). The magnitude of difference between the 3D and
1D RSL models is also temporally and spatially variable. The differences between the optimal
3D and 1D viscosity models is significant, especially in southern Greenland, where the modelled
RSL is larger by a factor of 2-3 in the Early Holocene.

In northern Greenland (e.g., ConBu site; Fig. 4.9-D), modelled RSL suggests deglaciation
was gradual since the Early Holocene and slower than other regions where a rapid RSL fall was
experienced. Adding 3D viscosity variations produces a smaller magnitude RSL signal at this
location and improves the data-model fit around 8 ka. However, the modelled curve sits too high
for most of the Holocene (for both 1D and 3D Earth models) and does not follow the paleo RSL
data, especially after 6 ka. These RSL data-model discrepancies around 10 ka and after 6 ka
suggest that a later and faster deglaciation is required in this region to accommodate most of this
misfit.

The high temperatures in central eastern Greenland also result in a more rapid RSL fall (e.g.,
MestV and Ammas; Fig. 4.9-D). At the MestV site, a modification to the deglaciation chronol-
ogy (later deglaciation) would produce a significantly better fit compared to the 1D model. At
Ammas, the 3D results fit the paleo data better than the 1D results. Some of the highest qual-
ity RSL data are found in southern Greenland (e.g., Pamiu and Nanor; Fig. 4.9-D). Past work
has indicated difficulty in matching the RSL amplitude and rate of fall at these sites (Lecava-
lier et al., 2014; Woodroffe et al., 2015), which has led to the suggestion of glacially-triggered
faulting (Steffen et al., 2020). Our new 3D model indicates relatively high temperatures in this
region, resulting in a larger amplitude RSL response than the 1D model (Fig. 4.9-D; sites Nanor
and Pamiu). However, this also leads to a poorer fit due to the modelled curve sitting too high
for most of the Holocene. An earlier deglaciation of this region (Fig. 4.10) accommodates most
of this misfit and exploring this idea will be necessary to further test the faulting hypothesis .

High-quality RSL data are also available in western Greenland (e.g., SouWD; Fig. 4.9-D).
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Figure 4.9: Modelled and observed RSL changes. A) Modelled RSL for the best 1D reference model (LT
=120 km, UMV = 5x 102!, and UMV = 1x10??), and B) for the optimum 3D Earth models (using the 1D
reference model (LT = 71 km, UMV and UMV = 1x10??) and the mean of the 50 model sub-ensemble
with € = 0.02 and 0.04 °C~!). C) Uncertainty of the 3D RSL signal, and D) RSL data-model comparison
for 1D and the 50 model sub-ensemble of 3D Earth models at six sites. Green boxes and blue and red
markers are SLIP, marine, and terrestrial limiting points, respectively. RSL for the best 1D viscosity model
is shown by the gray line. RSL for the 3D models are shown as cyan and magenta lines, for € = 0.02 and
0.04 °C~1, respectively (solid and dashed black lines are the average of these sub-ensembles).
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Our 3D Earth model shows relatively low temperatures in this region, leading to a higher viscos-
ity and smaller amplitude RSL response compared to the 1D model. As a result, the 3D model
better captures the SLIPs at this location, particularly in the mid-Holocene (8-5 ka). An important
implication of thicker lithosphere and lower viscosities in this region is that the modelled RSL
curve no longer goes to negative values in the late Holocene, which is a feature of the observa-
tions in this region and is related to peripheral bugle effects from North American ice loading as
well as re-advance of the GrIS in southwest Greenland since ~4 ka (e.g., Simpson et al., 2009).
Again, this suggests that further work on the ice model will be necessary to address this issue.
Overall, the optimized 3D Earth model better fits the data set considered here (Fig. 4.9-D). As
indicated above, further improvements to the model fits can be achieved by making changes to
the ice sheet reconstruction.

There is also considerable uncertainty in the signal associated with lateral Earth structure
(Fig. 4.9-C), reaching amplitudes exceeding 10-15 m in many areas. The uncertainty corre-
sponds to the spread in modelled RSL caused only by the uncertainty in lateral Earth model
viscosity structure (and so will be an underestimate of the uncertainty associated with the full
3D structure). The RSL spread is temporally and spatially variable around Greenland (Fig. 4.9-
C&D), and it can accommodate the majority of RSL data at some sites (e.g., SouWD, Ammas;
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Fig. 4.9-D). The spread in RSL is generally greatest before 10 ka, but there are exceptions (e.g.,
ConBu, MestV).

4.3.3 Present-day vertical land motion

Results for present-day VLM using the optimum 1D Earth model (Fig. 4.11-A) indicate the
highest rates in northeastern Greenland, while southwestern Greenland shows the greatest sub-
sidence. These results generally indicate an uplift in north and eastern Greenland, while the rest
of Greenland subsides. Compared to the GNSS VLM rates, there is a high correlation in north-
eastern Greenland. However, the data-model misfit is large in the rest of Greenland, especially
in southeastern Greenland, where the difference reaches ~8 mm/yr (Fig. 4.11-E). The 1D model
results show relatively poor fits to the observed VLM rates at most GNSS stations as highlighted
in recent work (Milne et al., 2018; Adhikari et al., 2021).

Results for the 3D model VLM indicate a large signal associated with lateral viscosity structure
(compare frames A & B in Fig. 4.11). Compared to the 1D model, the 3D results show an
increase in uplift rates at most locations. Where a large area of western and southern Greenland
is predicted to be experiencing subsidence using the 1D model (Fig. 4.11-A), those based on the
3D model (Fig. 4.11-B) indicate uplift in all coastal areas except for parts of southwestern and
northwestern Greenland. In most coastal areas, the increase in uplift rate amplitude reflects the
thinner lithosphere in these regions in the 3D Earth model compared to the 1D model (Fig. 4.4).

The contribution of lateral structure results in an improved fit to the observed VLM at most
GNET sites (Fig. 4.11-B&E, pink bars). While the fit is markedly improved compared to 3D
modelling results based on global seismic velocity models and an older generation of litho-
sphere thickness models (Milne et al., 2018), a considerable underestimate remains in central
eastern Greenland. As discussed above, many studies (including this one) indicate that the Ice-
land hotspot was located beneath this part of Greenland in the past. Therefore, rock tempera-
tures in this region remain relatively high, resulting in low viscosities and a thinner lithosphere
(Fig. 4.4). VLM in such regions is highly sensitive to ice thickness changes on century-to-decadal
timescales (e.g., Adhikari et al., 2021), and so we considered the influence of ice thickness vari-
ations on shorter timescales that are not accurately captured in the Huy3 model. Specifically,
Little Ice Age (LIA) changes associated with the ice sheet (Kjeldsen et al., 2015) and 20th cen-
tury changes in peripheral glaciers (Khan et al., 2022) were incorporated. There is considerable
uncertainty in our knowledge of both ice sheet and glacier changes leading to and following the
LIA maximum (Kjaer et al., 2022; Khan et al., 2022). For this reason, we considered a range
of plausible chronologies for the ice sheet changes and a +20% range in the total amplitude of
thickness change from the LIA maximum to the present in the ice sheet and peripheral glacier
models.
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Figure 4.11: Modelled and observed VLM. A) Modelled deglacial VLM with the 1D Earth
model, and B) the 3D Earth model. C) As in (B) but including more recent loading signals
associated with the ice sheet and peripheral glaciers (see text for details). D) The location of the
GNET stations, and E) modelled and observed VLM, shown in (A-C), in sites mentioned in (D).

Present-day VLM, including deglacial and more recent changes in the ice sheet and periph-
eral glaciers, is illustrated in Fig. 4.11-C. The recent loading history corresponds to ice thick-
ness changes on century to decadal timescales, including post-Little Ice Age changes in the ice
sheet (Kjeldsen et al., 2015) and changes in peripheral glaciers (Khan et al., 2022). Based on
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Fig. 4.11-B, C & E, the contribution of the ice sheet and glacier changes are most significant in
central eastern Greenland. Compared to the deglacial loading results, where eastern Greenland
is predicted to be experiencing spatially constant uplift, the ice sheet signal is larger at most
sites and much more spatially variable. The blue bars in Fig. 4.11-E show the impact of adding
the recent loading signals to the VLM model output - the fit is dramatically improved in central
eastern Greenland. Overall, the quality of fit is remarkable given that no model parameters were
tuned to match the VLM rates. Among the sites with largest data-model misfit, prior to consid-
ering more recent loading changes (20-37), the misfits at sites 21 and 22 are resolved. Despite a
general improvement in eastern Greenland, there remain sites where the model does not capture
the observations: 23-26, 31-32, and 34-35. Also, the modelled VLM rates in WNW Greenland
(sites 44-46) do not fit the data to within the estimated uncertainty. Unfortunately, there are no
RSL data at these sites (44-46) to evaluate ice model accuracy.

While there remain some stations where the model does not capture the observed VLM rates,
these can be explained by uncertainties in the ice-loading models. One notable simplification
of our LIA and PG models is that the extent of changes was assumed to be synchronous across
Greenland. Such a scenario is unlikely given the spatial variation in atmosphere and ocean
forcing factors and variations in the sensitivity of the ice sheet and PGs to these factors. An
important outcome of this chapter is demonstrating that improved decadal- to century-scale ice
chronology models are required to accurately interpret the observed VLM rates in central eastern
Greenland.

4.3.4 General Discussion

In some previous 3D GIA studies, including the lateral variation in viscosity structure generated
a poorer fit compared to the 1D model (e.g., Yousefi et al., 2018). In many previous studies, the
viscosity perturbations were added to a pre-defined optimum 1D model. However, our results
indicate that the optimal 1D radial Earth model can change significantly when lateral variations
are considered, indicating the best 3D model is not built upon the best 1D model (Love et al.,
2024). Previous studies inferred a thick LT (120 km) and different viscosity values for upper and
lower mantle (UMV = 5x10?° and LMV = 2x10?") (Lecavalier et al., 2014), while we found
a thinner LT (71 km) and identical viscosity for upper and lower mantle (UMV and LMV =
1x10?") when lateral viscosity structure is included. The optimal reference 1D Earth model is
slightly different from the best emulated 1D Earth model (1x10?! Pas instead of 0.8 x 10*!' Pas),
indicating the accuracy of the emulator in predicting the 3D GIA model in near fields (Love et al.,
2024).

The Earth model realizations applied in this study generate a large spread in modelled GIA,
indicating the significant influence of Earth model uncertainty on determining RSL and VLM.
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The uncertainty in modelled RSL and VLM vary temporally and geographically and explain
data-model misfit entirely in some regions. As noted above, Earth model uncertainty associated
with lateral structure is considered in this analysis and so further work is required to include
uncertainty in the radial component. In addition, the Earth model realizations are based on a sub-
sample of 25 high variant temperature profiles from the temperature posterior PDFE. Although
the average values of sub-sample and posterior PDF are highly coherent, a proper uncertainty
estimation would required full uncertainty propagation using the posterior PDF.

The paleo RSL data considered here is improved compared to previous work (Lecavalier
et al., 2014) with better temporal and spatial coverage. However, the absence of data in south-
eastern and northwestern Greenland hampers the accuracy of Earth model estimation that is valid
for Greenland. The optimum Earth model is determined based on the paleo RSL data and the
same Earth model is used to estimate the present-day VLM rates. Therefore, regions with no
paleo RSL data could result in modelled VLM rates that are not reliable in these regions. For
instance, the VLM data-model misfits in northwestern and southeastern Greenland may originate
from this issue. In addition, good quality paleo RSL data are distributed mostly in southern and
western Greenland, while eastern and northeastern Greenland have only RSL limiting points.
Although, we adjusted the weights of data points in the misfit calculation based on the spatial
and temporal data distributions, the final results might still be biased toward the locations with
the highest density of SLIPs.

The ability of our GIA model to produce quality fits to both paleo RSL data and contemporary
VLM rate observations has relevance for recent work that has identified and sought to explain
why models tuned to fit one of these data sets provide very poor fits to the other (Milne et al.,
2018). Current hypotheses include the contribution of a transient component in the solid Earth
deformation (Adhikari et al., 2021; Paxman et al., 2023) and the existence of a thin asthenosphere
layer resulting in a large response to the LIA ice sheet signal but with little impact on the deglacial
RSL signal (Pan et al., 2024). Regarding the former, our results do not rule out the existence of
a transient response, but they do suggest it is of a smaller amplitude. As for the latter, our
temperature inversions do not indicate a relatively hot and thin layer in the asthenosphere.

4.4 Conclusion

In this study we present the effect of lateral variability of Earth structure and its uncertainty
on modelling the GIA in Greenland, focusing on RSL and VLM. Our main results and their
implications are summarized in the following.

* The influence of laterally variable viscosity on RSL predictions is significant compared to
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1D model results and varies across Greenland. The 3D model generally produces lower
RSL by as much as 20 m except for southern Greenland where the 3D model is larger
by a factor of 2-3 in the Early Holocene. Overall, the total data-model misfit for the
optimized 3D model is lower and so fits the paleo data better than the optimal 1D Earth
model. Although modelled RSL curves follow the paleo data in most regions, further
improvement is possible by revising the deglacial ice model.

* RSL data in southern Greenland are poorly fit. Our new 3D model explains the high RSL
amplitude in this region due to the high regional temperature, but it leads to a poorer fit due
to the modelled curve sitting too high for most of the Holocene. An earlier deglaciation
could reduce the misfit, and this should be explored in future work to further test the
hypothesis of glacially-triggered faulting in this region.

* Our predicted VLM rates driven by deglacial and recent loading significantly improve and
extend previous results. While the deglacial 3D VLM data-model fit improved compared
to previous 3D modelling results based on global seismic and lithosphere models, VLM
rates in central eastern Greenland are underestimated. Due to the proximity of Iceland
and the possibility of plume passage in this region, the temperatures are relatively high
(resulting in low viscosities) which makes this region sensitive to ice thickness changes
on century-to-decadal timescales. Incorporating these recent and shorter-term changes
with the Huy3 deglacial model improved the VLM data-model fit significantly in eastern
Greenland. Despite an overall improved fit, there remain some stations with significant
data-model residuals. We propose that these can be accommodated by ice model uncer-
tainty and better constraints on ice sheet and glacier changes during and following the
LIA.

Our GIA model produces quality fits to both paleo RSL data and contemporary VLM rate
observations, indicating the contribution of a transient component in the solid Earth deformation
might be less important that previously suggested (Adhikari et al., 2021; Paxman et al., 2023)
and the existence of a thin asthenosphere layer (Pan et al., 2024) is not required.

4.5 Appendix A4

This supplementary material presents additional information to support the primary text.

e Text and Table A4.1. List of RSL data sites.
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» Text and Fig. A4.1. RSL data-model comparison.

Text A4.1 (Table). List of RSL data sites including geographical coordination, acronym and full
names.

Text A4.1 (Figure). RSL data-model comparison at sites shown in Fig.4.1-a. The sites at north-
western Greenland is excluded due to the inaccuracy of Huy3 ice model. Fig. A4.1 illustrates
modelled RSL with 1D (radial) and the laterally variable Earth model for 50 realizations with
e = 0.02 and 0.04 °C~1. RSL data include SLIPs (Green boxes), marine limiting point (blue
markers), and terrestrial limiting points (red markers).
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Table A4.1: List of RSL data sites

ID Latitude  Longitude Sites ID Latitude  Longitude Sites

James 70.843 -24.1278 Jameson Land Carey 76.722 -73.1646 Carey Qer

Ssdaa 71.278 -24.6515  Southern Schuchert Dal and area | Thule 76.543 -68.8396 Thule

UpSDa 71.606 -24.3872 Upper Schuchert Dal NorWD  69.919 -54.3866 Northwest Disko Island
MestV 72.254 -23.9043 Mesters Vig SouWD  69.469 -53.7562 Southwest Disko Island
IKOFF 72.495 -24.8010 Inner Kong Oscars Fjord Arvep 69.758 -51.2708 Arveprinsen Ejland
GSOtO 72.791 -23.0707  Geographical Society O/Traill O | Pakit 69.496 -50.7331 Pakitsoq

HudsL 73.622 -21.9171 Hudson Land OutJa 69.045 -50.9047 Outer Jakobshavn
Young 74.255 -20.2412 Young Sound AkulN 68.647 -50.9664 Akulliit/Nuuk
GerHS 74.539 -18.8429 Germania Haven So SydoB 68.523 -51.5628 Sydosbugten
Hochs 75.206 -19.9475 Hochstetter Foreland Inaar 68.618 -52.0872 Inaarsuit

Haval 76913 -20.1779 Havalrosodden QeqTa 68.449 -52.9469 Qeqertarsiatsuaq
Sondr 78.062 -21.2030 Sondre Mellemland Norde 68.332 -51.2966 Nordenskiold
Blaso 79.590 -22.4380 Blaso Inord 67.969 -50.5781  Inner Nordre Stromfjord
Outer 79.834 -19.6252 Outer Nioghalvfierdsfjorden Onord 67.590 -53.3707  Outer Nordre Stromfjord
HolmL 80.459 -15.9623 Holm Land Nordr 67.100 -53.9219 Nordre Isortoq
Danma 80.953 -22.7483 Danmark Fjord Nagto 66.936 -53.6840 Nagtoralingquaq
Cphgn 81.565 -16.5661 Denmark Innlk 66.944 -52.3324 Inner Ikertoq
KapKo 82.374 -21.3665 Kap Kobenhavn Kangr 66.954 -51.0404 Kangerlussuaq
HerSt 82.600 -20.0329 Herlufsholm Strand MidSS 66.510 -52.1721 Mid Sondre Stromfjord
IndFj 82.188 -30.9059 Independence Fjord Sukke 65.677 -53.2013 Sukkertoppen
KapCW  82.882 -23.4500 Kap Clarence Wyckoff NukFH 64.533 -50.3135 Nuuk Fjord Head
Taiwa 83.009 -32.5470 Taiwan Nuukk 64.199 -51.8991 Nuuk

Kapol 83.432 -25.7299 Kap Ole Chiewitz Maraq 63.462 -51.2866 Marraq

Bliss 83.543 -29.0035 Bliss Bugt Pamiu 61.974 -49.6212 Paamiut
ConBu 83.655 -31.2688 Constable Bugt Tasiu 61.136 -45.6588 Tasiusaq
KapMo 83.646 -33.2704 Kap Morris Jesup Narsq 60.984 -45.6770 Narssaq

Hallw 81.754 -59.4412 Hall Land/W Nyeboe Land Qaqor 60.764 -46.0954 Qagortoq
WWash  80.279 -67.3915 W Washington Land Nanor 60.078 -45.0035 Nanortalik
SWWas  79.942 -64.1774 SW Washington Land Timia 62.519 -42.2132 Timmiarmiut
Qeger 77.501 -66.6720 Qegertat Ammas  65.720 -37.3062 Ammassalik
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Figure A4.1: RSL data-model comparison for 1D and the laterally variable Earth model at sites shown in
Fig.4.1-a and Table A4.1. Green boxes, blue markers, and red markers are SLIP, marine, and terrestrial
limiting points, respectively. RSL for best 1D viscosity model is shown in gray line, and 3D RSL is shown
in solid and dashed black lines as an average of the Earth models ensemble with € = 0.02 and 0.04 oc1,
which are shown in cyan and magenta color, respecltit\gly.
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Chapter 5

Conclusions and Future Research
Directions

Projections of future sea-level rise depend strongly on the contribution of the Greenland ice sheet
(GrIS) as one of the few remaining ice sheets on Earth. The accuracy of GrlS projections de-
pends on our knowledge of the underlying Earth processes and properties. For example, GrIS
projections depend on the rate and amplitude of the isostatic response, which impacts surface
mass balance and can influence ice sheet dynamics. The main objective of my PhD thesis was to
enhance our knowledge of Earth structure and composition beneath Greenland and the surround-
ing region. Improving Earth structure and composition constraints are important to understand
and separate the evolution of ice sheet change and solid Earth response signals. In addition, it
provides valuable information about the tectonic evolution and mantle dynamics of this region.
My PhD thesis is divided into three research projects that are linked together in a way that the
output of each step (chapter) is used as an input to the next step (chapter). The details of each
project are discussed in Chapters 2-4. This chapter presents some of the main findings and their
implications, and recommendations for future work are outlined.

In Chapter 2, we generated a new, regional, high-resolution Rayleigh wave phase velocity
model for Greenland and the surrounding region using the teleseismic two-station interferometry
technique. We used 48 permanent seismograph stations with seismic records from the vertical
component of teleseismic events spanning over two decades in Greenland (on/offshore), north-
eastern Canada and western Europe to improve constraints on Earth structure. The new phase
velocity map improved existing constraints on the velocity structure of the crust and the shallow
upper mantle. Rayleigh wave phase velocity maps and azimuthal anisotropy provided valuable
insight into the geologic evolution and lattice-preferred orientation (LPO)/mantle flow of the
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study region. Significant heterogeneity was observed in our results, and we found a strong corre-
lation between inferred geological features and isotropic and anisotropic velocities. The inferred
PVDCs used in the joint inversion are the most important dataset to constrain the thermochemi-
cal structure of the crust and shallow mantle because of the high sensitivity of these data to this
structure and the improved spatial resolution compared to other data sets.

We adopted newly installed seismograph stations over the past 10-15 years, specifically in
Greenland’s central and southern parts and northeastern Canada. Additionally, we improved the
resolution around the coast and continental shelf by broadening the aperture of the network used
in our study by adding stations from beyond these regions. Despite the significant improve-
ment in phase velocity map resolution and tectonic structure constraints, some limitations can
be considered for potential avenues to improve the current findings. With the growing number
of seismograph stations in Greenland, ray path density is poorest in northern Greenland and the
Canadian Arctic. Therefore, installing new seismograph stations in regions such as the Cana-
dian Arctic and northern/central Greenland should be a priority. In addition, depth-dependent
anisotropy is not included in the currently used inversion method, and as a result, some types
of geologic features are ignored. There is no fully developed inversion method to estimate
anisotropy with depth.

In Chapter 3, we constrained the thermochemical properties of the shallow upper mantle
(to ~400 km depth) beneath Greenland and the surrounding regions. We adopted the LitMod
software, which applies the Bayesian probabilistic approach to multiple geophysical data sets to
invert for radial thermochemical structure of the lithosphere and shallow mantle. Specifically, we
combined the regional, high-resolution surface wave data from Chapter 2 with various other data
sets to perform a joint inversion for temperature and composition, from which properties such
as viscosity can be determined. We solved for radial thermochemical properties beneath Green-
land, Baffin Bay, and northeastern Canada, where the ice sheet was located during the LGM.
Our results improve upon past studies by extending geographic coverage and spatial resolution
and indicate large LAB-depth variations across Greenland. LAB-depth estimation varies greatly
(~100-300 km) across Greenland, reflecting multiple geologic structures and thermal processes.
While there are some agreements between our LAB-depth result and past studies (Steinberger
etal., 2019; Steffen et al., 2018; Lebedev et al., 2018), significant differences are observed across
Greenland, reflecting the importance of multiple input data types such as seismic, topography,
and geoid height. Our LAB-depth result supports a W-E passage of the Iceland hotspot with the
inferred thinner lithosphere in the mid-section of Greenland. A major lithospheric erosion event
is supported by the exposed volcanic rocks of the North Atlantic igneous Province (NAIP) in east
and west Greenland, which is inferred to extend beneath central Greenland. Despite the elevated
SHF and high RHP concentrations in the NW-SE direction, we do not see any correlation with
our LAB-depth result, and so we conclude that a W-E Iceland plume track over Greenland is
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more likely.

On average, 25-30 % of the model simulations are accepted to form the posterior probability
distribution functions (PDFs) for different Earth properties (such as temperature). The estimated
uncertainty for thermochemical structure is depth-dependent and spatially variable for each pa-
rameter, reflecting the importance of the input data quality and the sensitivity of model output to
the parameters being inverted. Among Litmod’s many outputs, we use only mantle temperature
for our GIA analysis in Chapter 4. Overall, the quality of the inversion results in Chapter 3 were
high, and we inferred large variations in the thermal structure of the mantle beneath Greenland,
which is in good agreement with past studies. However, the results presented here can be ex-
tended by several recommendations. The current methodology ignores thermal processes such
as volcanism and heat transfer by advection, which greatly affect the geothermal reconstruction
where these processes are active. New data constraints would strengthen the inversion quality,
including seismic (Vp, Vs, ambient noise, and receiver functions) and non-seismic (magnetorel-
luric and petrological) data. Performing a 3D inversion (compared to the series of 1D inversions
performed here) would improve coherence over larger spatial scales which would be useful for
exploring largescale processes such as tectonic evolution and mantle dynamics.

In Chapter 4, we examined the impact of lateral variations in Earth viscosity on the GIA
model fits to observations of paleo RSL and present-day VLM rates. We used the new 3D
temperature model developed in Chapter 3 to generate an ensemble of 3-D viscosity structures
of Greenland’s lithosphere and upper mantle. To more efficiently search the parameter space
of the Earth viscosity model, we adopted a machine learning technique to emulate the 3D GIA
simulation (Love et al., 2024). A sub-ensemble (25 samples) of inferred regional temperature
models from Chapter 3 was adopted to quantify uncertainty in the GIA model output. The
inferred uncertainty was determined from the 25 3D Earth models using two different values to
scale temperature to viscosity. The resulting 50 viscosity models were used with ice loading
models spanning millennial to central-to-decadal timescales to generate the most accurate model
constraints on RSL and VLM, and their corresponding uncertainty, to date.

In many previous 3D GIA studies, the lateral variation in viscosity structure was superim-
posed on a previously determined, optimal, 1D Earth model. In many cases, the resulting 3D
model generated a poorer fit compared to the 1D model (Yousefi et al., 2018). However, our
results indicate that the optimal 1D radial Earth model can change significantly when lateral
variations are considered, indicating the best 3D model is not built upon the best 1D model
(Love et al., 2024). Our 3D model indicates the significant influence of laterally variable viscos-
ity on RSL predictions compared to 1D model results. Overall, the total data-model misfit for
the optimized 3D model is lower than that for the optimised 1D Earth model. Our results also
indicate that changes in the deglacial ice model can improve the RSL data-model fit in many re-
gions. For instance, our 3D model fits the high amplitude RSL in southern Greenland, which has

145



not be achieved with a 1D Earth model, leading to the hypothesis of glacially-triggered faulting
during the early Holocene in this part of Greenland (Steffen et al., 2020). While our model does
not disprove this hypothesis, it reveals a path to testing it further via the exploration of regional
deglaciation scenarios.

Our predicted VLM rates indicate large variations across Greenland and, compared to previ-
ous studies, better fit the VLM data. Milne et al. (2018) illustrated that the best 1D Earth model
(based on paleo RSL data) fit well only in northeastern Greenland, with large discrepancies in
the rest of Greenland. Adhikari et al. (2021) succeeded in fitting the VLM data using a load-
ing model of ice sheet changes during and following the Little Ice Age. However, the inferred,
optimal, upper mantle viscosity value is an order of magnitude lower than that determined from
the deglacial RSL constraints. This finding led to the transient rheology hypothesis in this re-
gion, in which the viscosity depends on the timescale (frequency) of the loading. Our results
successfully fit the RSL paleo and contemporary VLM rate data simultaneously without invok-
ing transient rheology in the region. Due to the proximity of Iceland, low viscosity in eastern
Greenland increases the sensitivity to shorter timescale loading change and, therefore, results
in higher VLM rates compared to the 1D model. Incorporating recent and short-term changes
with the Huy3 deglacial model greatly improved the VLM data-model fit in eastern Greenland.
There remain some data-model residuals and a clear next step in addressing these is to develop
improved models of LIA to 20th century changes in the ice sheet and peripheral glaciers.

Our results show that the contribution of Earth model uncertainty to simulating both RSL
and VLM is significant. RSL uncertainty is large, especially in the Early Holocene when the
amplitude reaches several 10s of meters and spatially correlates with modelled RSL amplitude in
northeastern and southwestern Greenland. Uncertainty in VLM rates also varies across Green-
land and is largest in southwestern Greenland with an amplitude of ~2 mm/yr. Overall, the
quantified uncertainty explained data-model residuals at many sites.

Our uncertainty analysis is limited in several respects. First, we considered only the contri-
bution from lateral structure and ignored that associated with radial structure. Furthermore, we
used only a small sub-ensemble of the temperature posterior PDFs to quantify the uncertainty as-
sociated with lateral viscosity structure. Second, we only considered uncertainty associated with
recent ice sheet and glacier loading for predicting VLM rates. Also, this was limited to a small
number of chronologies and simple scaling for different amplitudes of ice thickness changes.
There is also considerable uncertainty associated with the deglaciation model (Huy3) and this
was not considered here. Addressing these limitations of our uncertainty analysis are an obvious
target for future work. Recent developments in the field, including the use of machine learning to
emulate 3D GIA model output (Love et al., 2024) and the application of adjoint methods (Craw-
ford et al., 2018; Lloyd et al., 2020) show good potential for building on the work described in
Chapter 4.
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