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Abstract

Relative sea level (RSL) reconstructions from paleo records are often the most valuable data
set in testing and constraining glacial isostatic adjustment (GIA) models. In some regions,
the amplitude and rate of the reconstructed RSL changes are large making the data difficult
to fit. Arguably, the reconstructed RSL curve from Maine, USA, is the classic example of
such a data set with peak values at about 120 m dropping to a low stand of around -40 m
within a few kyr. To our knowledge, no GIA model has captured these extreme variations
and the record has been somewhat neglected by the GIA community. Here we critically
assess and present a revised pre-10 ka RSL data base for this region and combine it with two
recent Holocene compilations. To determine if a successful model fit can be found, output
based on a parameter set of five ice models and 440, spherically symmetric, Maxwell Earth
viscosity models was compared to the compiled data. Results show that none of the ice
models produce a good fit for the large suite of 1D viscosity models considered. Specifically,
the modelled timing and rate of RSL fall are generally too early and low, and the RSL low
stand from the models is significantly higher than that observed. A model sensitivity analysis
suggests that Earth models that can simulate time-dependent viscosity (e.g., those including

transient and/or non-linear effects) are required to fit the Maine RSL data set.
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Chapter 1. Introduction

1.1. Motivation and Aims

In the past decades, global warming has become a source of concern due to its increasingly
apparent social, economical, and ecological impacts [Ara Begum et al., 2022]. One major
concern that motivates the research presented in this thesis is sea-level rise. As of 2022, the
negative effects of rising sea levels are clearly apparent in many coastal regions. One of the
most widely known ecological impact is the endangerment of various species, notably
estuarian species. As saltmarshes become increasingly flooded, these environments release
the accumulated sediment-associated carbon, nutrients, and pollutants, leading to habitat
destruction [Haaf, 2022]. Effects on the ecosystem often lead to economical impacts: for
example, in Vietnam, where drought and saline water intrusion damages the food production
of the country for which the economical loss has been estimated at millions of dollars (US)
every year [Park et al., 2022]. As for the social impact of sea-level rise, there are numerous
examples of emerging conflicts, one of them being the need to sacrifice areas in Ho Chi Minh
City in order to implement flood prevention measures to save other parts of the city [Hinkel

et al., 2018].

To estimate and attempt to reduce the impacts associated with sea-level rise, accurate
predictions are necessary. This requires an understanding of the dominant underlying
processes that affect sea level in different regions. Some examples include: ocean density
changes, ice-ocean mass exchange, sediment transfer and compaction and Earth deformation
(section 1.2) due to ice-ocean mass exchange, commonly referred to as glacial isostatic
adjustment (GIA) (section 1.3) [Church et al., 2013]. While these processes all impact RSL
in some way, the extent of their impact varies depending on the time period and location of
interest. For example, vertical land motion caused by tectonic activities is a good example of
a process affecting RSL in specific regions of the globe [Klos et al., 2019] while greenhouse

gas emissions due to anthropogenic activities is an example of a process occurring only in



modern times. Different types of models are used to predict sea-level change related to
different underlying processes. For example, Atmosphere-Ocean General Circulation Models
compute the height of the sea surface as a reaction to natural and anthropogenic forcings
(volcanic eruptions, solar irradiance, Greenhouse gas emissions). Geodynamic surface-
loading models predict the RSL response to changes in surface ice-water mass redistribution
as well as atmospheric pressure changes [Church et al., 2013]. GIA models are a type of
geodynamic surface-loading models focussed on predicting RSL changes due to past ice-
ocean mass exchange (section 1.3.1). In regions where past ice sheets recently existed, such

as Canada, GIA is a significant contributor to contemporary sea-level change.

To determine the accuracy of models used to predict changes in sea level, observations of
past changes are required to optimise model parameters and test the predictive accuracy of
the model. In the case of GIA models, observations from the geological record are especially
important as they constrain RSL since the last glacial maximum (LGM) around 25 ka [Milne
et al., 2009]. They can capture large amplitude and complex signals from various locations
(e.g., in the near field and far field of past major ice sheets) with far-field locations being
used to infer past ice volume and near-field regions being used to better understand Earth

rheology as well as the regional ice evolution (section 1.3.1).

This thesis will focus on testing a GIA model using a newly compiled and challenging paleo
RSL data set from Maine, USA. This data set has been largely ignored by the modelling
community due to the observed large amplitude and rapid RSL changes. We aim to assess
the accuracy of the reconstruction and use the reliable data to optimise and test a GIA model.
The results of this research will help our understanding of past and future sea-level changes
in this region as well as our understanding of Earth rheology. As our region of study is located
in the near field of a past ice sheet, knowledge about RSL changes and Earth rheology in this
region can be related to locations near present ice sheets (Greenland and Antarctica) and
improve predictions of future RSL changes associated with their deglaciation due to global

warming.



1.2. Relative sea level

There are various ways of defining what sea level represents and how to measure it. The most
precise way of observing sea-level in reference to the Earth’s center of mass is by using
satellite altimetry, which has been used since the beginning of the 1990’s [Cazenave et al.,
2017]. This technology measures sea-level by sending short pulses of microwave radiation
of a specific power towards the surface of the Earth below the radar altimeter and analysing
the reflected radiation to determine the height of the altimeter above the sea surface [ Ablain
et al., 2017]. This method computes the absolute sea-level (ASL) by comparing the height
difference between the sea surface and the reference ellipsoid (Fig. 1.1). The reference
ellipsoid is an ellipsoid of revolution that best matches the geoid surface, which is an
equipotential surface to the gravitational field of the Earth that approximates the mean level

of the sea surface over several years to decades.

Another way of defining sea level that is more pertinent to this study is termed relative sea
level (RSL). RSL represents the thickness of a water column sitting over the Earth surface,
notably the ocean floor in this case, at a given location. As the ocean floor elevation varies
greatly all over the world, for example, the Mariana Trench with a depth of (10,984 + 25) m
at its lowest [Gardner et al., 2014] and the Indira with a depth of 1200m at its highest peak
[Siddiquie et al., 1983], relative sea level is heavily dependent on location. In the past 100-
150 years, tide gauges have been used to record relative sea-level at multiple locations on the
globe. However, information from them is limited both in time and space as only a few
gauges are older than 1880 [Gornitz, 1995]. To determine RSL changes for older times,
information must be obtained from geological records. This information is referred to as
proxy data, which are dated samples that provide information on sea level [Shennan, 1986]

(see 1.4.1.).
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Figure 1.1 Schematic representation of different sea-level definitions: Relative sea level
(RSL) and Absolute sea level (ASL). The geoid and reference ellipsoid are also indicated.
[Figure 2.1 from Milne, 2015.]

As shown in Figure 1.2 below, many processes can affect relative sea level, meaning they
influence the depth of the ocean at a given location. It is useful to divide these processes into
two categories: the processes influencing the total volume of the oceans, thus causing a
change in global mean sea level (GMSL), and the processes influencing the topography of
the ocean floor and surface, thus producing spatial variations in RSL change. Some of these

processes can also produce feedbacks on each other, be it negative or positive.
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Figure 1.2 Schematic representation of some of the different processes affecting RSL,
notably ice melting, density changes of the water and vertical land motion. [Figure 2.3 Milne,
2015]

An important source of RSL change on a variety of timescales is the melting of land ice
which affects GMSL. Following the introduction of melt water to the ocean, water density
will change due to the resulting changes in salinity and temperature as the meltwater is mixed
into the water column. While these density (steric) changes impact sea-level on a regional
scale, only the temperature of the water has a significant impact on GMSL [Church et al.,
2013] and it is one of the main causes of present-day sea-level rise. During deglaciation, the
influence of temperature change was largely counteracted by the influence of salinity coupled

with the compression of the seawater [ Gebbie, 2020].

Figure 1.2 shows that vertical motion of the ocean floor can affect RSL. Tectonic activity,
such as near the Pacific coast of North America, is a good example of one of the causes of
vertical ocean-floor motion due to the Cascadia subduction zone (e.g., Yousefi, 2021).
Marine currents are also a source of topography changes. As they pass through a region,
sediments can be transported in and out, affecting ocean depth. The addition of meltwater
can change the geometry and strength of marine currents as well as accelerate sediment

compaction on the ocean floor by increasing the water weight. Moreover, the increased



pressure on the ocean floor by the additional water mass also triggers an isostatic response
from the Earth. In fact, many processes can trigger an isostatic response as they disrupt the
equilibrium between the lithosphere and the mantle (more specifically the asthenosphere).
As the equilibrium is disrupted, the Earth’s response is to go back to a state of equilibrium

by changing shape.

1.3. Glacial Isostatic Adjustment
1.3.1. Overview

As the ice-water mass at the Earth’s surface is redistributed by the growth or melting of ice
sheets, the gravitational field, ocean volume, and the solid Earth are subjected to changes. As
described above, these processes are commonly considered together, under the umbrella term
GIA, which is classically aimed at studying these processes during the late Quaternary and
especially since the LGM as the large deglaciation since then still impacts RSL changes to
this day, especially in near-field locations. Figure 1.3 is a schematic representation of

processes composing GIA for the case of a marine-based ice sheet.



Figure 1.3 Schematic representation of GIA for a marine-based ice sheet. A) Deformation
of the Earth by the ice sheet. B) Gravitational pull of the ice distorts the geoid. C)
Deformation of the solid Earth distorts the geoid. D) Meltwater weight deforming the
seafloor. E) Regional ocean load increased by depression left by ice sheet. F) Ocean floor
deformation due to the increase in the ocean load. [Figure 1 from Clark et al, 1978]

Figure 1.3 (A) represents the deformation incurred from the presence of an ice sheet. The
ground under the ice is pressed down under the weight of the ice sheet while the ground
around it is uplifted. (B) shows the gravitational pull attracting more water towards the ice
sheet, which will in turn deform the geoid; (C) also shows the gravity (geoid) change, but
due to the solid Earth deformation associated with the ice and ocean loading. (D) shows the
seafloor after the complete deglaciation of the ice sheet. An uplift is visible on the sea floor
that was under the ice while the region around the ice, the peripheral bulge, has subsided. As
the peripheral bulge collapses over time, the capacity of the ocean basin increases too. This
process is called ocean syphoning (Mitrovica and Milne, 2002). Even though the land is
released from the ice sheet’s weight, the weight of the melt water still deforms the Earth. As
water fills the depression on the ocean floor, the ocean load increases (E) which is an
important component of the sea-floor deformation (F). As the ocean loading increases due to

the GMSL rise, an important and geographically widespread characteristic called continental



levering takes place as the seabed is pushed downward resulting in the landward part of the

coast moving upward (Clark et al., 1978).

When considering RSL changes related to GIA, three general temporal patterns can be
identified depending on the proximity of the studied area to the location of past ice sheets.
Locations in the near-field of the ice sheet, which were previously ice covered, tend to
experience a significant drop in sea level as the ocean floor which was sunken because of the
ice sheet’s mass emerges subsequent to deglaciation. Locations in the forebulge of the ice
sheet, beyond the margin of the ice sheet at the LGM, show a different pattern as the motion
of the sea floor is characterised by subsidence throughout deglaciation which results in a rise
in sea level. It is important to note that locations on the margin of an ice sheet, which start as
a near field region and become a peripheral region later on, can exhibit both patterns with a
transition from emergence to subsidence as the forebulge migrates inwards to the centre of
ice loading. At locations in the far-field of the ice sheets, RSL changes are dominated by the
GMSL signal (meltwater plus syphoning) with ocean loading also playing a significant role.
This is reflected by a rise in sea level during the main phase of ice melting (~18000 to ~6000

years ago).

As GIA-related RSL changes are strongly dependent on the ice extent history and Earth
deformation, the two primary inputs to models of this process are a reconstruction of past ice
changes and a model that defines the Earth rheology and density structure (section 1.3.2.). A
Maxwell model of Earth rheology has generally been able to fit GIA data well in various
areas and so it has been most commonly applied in GIA modelling studies. Thus, all stresses
have been assumed to have a linear relation to strain rate. In this research, a spherically
symmetric GIA model is used in which material properties vary only with depth. As such, no
lateral variations of the mantle viscosity have been taken into consideration. However, it is
known that the real Earth can exhibit non-linear deformation and has lateral variation in its
viscosity structure. More elaborate models have been developed that take these aspects into

consideration (e.g., Whitehouse, 2018) but they are not considered in this thesis. While the



ice-loading response is calculated directly from the ice model, the ocean-loading response

and changes in Earth rotation are obtained by solving the sea level equation (section 1.3.3.).

1.3.2. Modelling Earth Deformation

As noted above, in GIA studies the Earth’s rheology is often represented as a Maxwell
material, meaning that it possesses both the properties of an elastic and viscous material. The
reason for this assumption lies in the fact that GIA considers timescales in which both elastic
and viscous properties of the Earth are significant in the deformational response, and thus

affect RSL.

As a simplification, only the off-diagonal elements (shear stress and shear strain) will be
considered in this section. In an elastic rheology, the relation between stress (T) and strain

(e) i1s represented in a linear way:

e(t) = “®) (1.1)
i

Where u is the elastic shear modulus of the material.

For linear viscous materials, the relation between stress and strain is represented by:

de(t) (1)
dt ~ 2v

(1.2)

Where v is the viscosity of the material.



10

In a Maxwell material, the strains can be added together such that the total strain can be

written:

@, [0 w5

eTotal(t) =—+ y
0

To compute the solid Earth’s response to an impulse load disrupting its equilibrium state,

momentum conservation dictates that the response follows the linearized momentum

equation:

Where T,, &, and p, are, respectively, the stress tensor, the gravitational field and the
density as a function of radius at equilibrium. T;, ¢, and p,indicate the perturbation to each

of those fields to an impulse load. U is the load-induced vector displacement field.

As matter is conserved in this system, the perturbated density and the density at equilibrium

must be related by the continuity equation:

P1 = —(ﬁﬁ’)po (1.5)

Changes in the mass distribution, which also affect the potential field, are represented by

Poisson’s equation:
V2¢, = —41G(Vi)p, (1.6)
In which G is the gravitational constant.

To determine the parameters ¢, and U, other parameters such as T; and p; should be
expressed using ¢, and U. In the case of p;, equation 1.5 can simply be substituted into

equation 1.4. For T, the constitutive equation of a Maxwell viscoelastic rheology is applied:
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il 1 . .
Tij + ;(Tij - §TTT8ij) = Zueij + AerrSij (17)

With 1;; and T, being, respectively, the ij® component and the summation (i.e., T,, = T;; +

T, + T33 ) of components of T;.  and A are the elastic Lamé parameters, v is the viscosity

and §;; is the Kroneker delta (1 if i=j, 0 otherwise).

From the correspondence principle, the Laplace transform of equation 1.7 gives:

In which the inverted circumflex shows implicit dependence to Laplace transform variable s.

A(s) and p(s) are respectively:

2 (K
BH(V) and u(s)ziLl (1.9)

A(s) =2+ m
S+v S+V

Then equation 1.4 combined with 1.5 can be converted to a Laplace transform and combined
with equation 1.8 to solve the momentum equation for ¢, and U. The Poisson equation (1.6)
is also simultaneously solved as a Laplace transform in order for the solutions to be
gravitationally self-consistent. The solutions can be expressed as an infinite series of

Legendre polynomials:

u(a,y,t) = Z u,(a, t)Pf(cos(y)) (1.10)
£=0
c 2
v(a,y,t) = Z vy(a,t) an(cos(y)) (1.11)

£=0
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D@V, = ) b1o@ OP(cos(¥) (112)
£=0

In which u(a, vy, t) and v(a,y, t) are the radial and tangential components of U at the Earth’s
undeformed surface (where r = a). ¢, (a,y, t) is the pertubation of the surface’s geopotential.
Pg(COS(Y)) are Legendre polynomials of the cosinus of y, the great circle angle between the

impulse load point and the observation point. Their coefficients are:

K
u(a,t) =ubs(t) + Z SupEexp(—skt) (1.13)
k=1
K
ve(a,t) =v5s(t) + Z SvyEexp(—sit) (1.14)
k=1
K
b1e(a) = BED(O) + ) SN exp(—sit) (1.15)
k=1

The components uy, v; and ¢7, which are associated to the dirac Delta function §(t)
represent the elastic response. Supy, 8v; and 8¢1'; ., which are related to the non-elastic
response, are associated with an exponential function characterized by inverse decay time

Sf. As it is customary to use dimensionless numbers, those coefficients are then transformed

into viscoelastic Love numbers:

RE() el
L _ g v{’(al t)

,lj((?) ~tn@ | dselad) (1.16)
¢ g

The Love numbers h%(t) and 15(t) are, respectively, the radial and tangential displacement
fields and the Love number k5 (t) is the perturbation to the gravity field. The superscript L

indicates their relation to the surface mass loading. The constant g is the Earth’s gravitational
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acceleration and ¢, ,(a) is the component from the Legendre expansion of the perturbation
to the surface gravity field caused by the direct attraction of the surface load. The Love

numbers can be expressed with an implicit time dependence as such:

K
hi(t) = hé’ES(t) + z r,f"‘exp(—s,ﬁt) (1.17)
k=1
K
k() = 1;78(t) + Z # exp(—stt) (1.18)
k=1
K
Kh(6) = KEES(E) + Z 7 exp(—stt) (1.19)
=1

These Love numbers allow us to define Green’s functions for the load-induced radial
displacement of the solid surface I'*(y, t) as well as the load-induced perturbation to the

Earth’s gravitational potential at the undeformed surface Y- (y, t):

rL(y,t) = Miz htp,(cos(y)) (1.20)
€=0
YH(y,6) =22 > (8(8) + kD Py(cos(y) (1.21)
€=0

The radial displacement and perturbation to gravity for a more general surface load is

computed by convolving these Green’s functions in space and time with the load history.

1.3.3. Sea Level Equation
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As described above, the sea-level change is a component of the ocean load which governs
the GIA-driven RSL response. Thus, solving for the ocean load (and thus RSL) is non-trivial.
Farrell and Clark [1976] included the relevant processes in an equation, known as the sea-
level equation, the solution of which gives the ocean load (and RSL change) due to GIA.
More recent work has extended the original equation to include time dependent shorelines
[Mitrovica and Milne, 2003; Kendall et al., 2005] and Earth rotation [Milne and Mitrovica,
1998; Mitrovica et al., 2005] to refine the equation in order to better predict RSL. A general

expression of the sea-level equation as introduced by Farrell and Clark [1976] is:

5(9»111; t) = C(G,IIJ)[GL(e,lIJ, t) - RL(equr t)] (122)

S(B, Y, t) defines the change in sea level at a given latitude 6, longitude  and time t
(relative to a defined reference time). G(0,y,t) and R:(8,, t) are respectively the
load-induced deformation of the geoid and seafloor at given coordinates and time.
C (6, ) represents the Ocean function which varies according to the coordinates and time

such that:

On land
In the ocean

ACADES {(1) (1.23)

It is important to note that the ocean function will vary with time due to shoreline migrations.
This is taken into account by the model applied in Chapter 2, however for simplicity, only

the time independent ocean function case will be described in this section.

The load-induced deformations RE(8, s, t) and G (8, s, t) can be defined as:

t
RL(O, Y, t) = a’L(0', ', tOTt(y,t —t))d'dt’ (1.24)
1
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Where () is the spatial integration unit over a sphere, ®L(8,,t) is the load induced
perturbation to the gravity field, L(8',y’,t") is the surface mass load and G* (t) is the height
shift of the geoid incurred by the conservation of the surface mass load while perturbations

to the geoid occur. The surface mass load can be defined:

L(e' l|J, t) = 911(9: l|J, t) + pr(e' ‘IJ, t) (126)

With 1(6, {5, t) and S(B, Y, t) respectively being the thickness of the ice and the thickness of
the water column at given time and coordinates and p; and p,, being their respective

densities.

Therefore, the sea level equation can be written as:

56,4,0 = COW [, [, @pil@®, v, e) FEED iy, — o)} dvar +

[0 0T, apuwS(8,,0) {@ — Ikt —t)}de'at’ + G+ (1.27)

As the unknown component S(6,,t) is found on both sides of the sea level equation,
equation 1.27 is an integral equation. Different approaches have been applied to solve this
equation but the most commonly applied is the pseudo-spectral method [Mitrovica and
Peltier, 1991] which solves the sea level equation by using an iterative technique. This was

the method applied in the research presented in Chapter 2 of this thesis.
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1.4. Sea-level reconstruction using proxy records
1.4.1. General methods of RSL reconstruction

There are three categories of geological sea-level indicators: geomorphological, lithological,
and biological. Geomorphological evidence refers to the morphological features formed only
in coastal areas. For example, coastal landforms which have emerged or have been
submerged (rock platforms, beaches, deltas, coral reefs, etc.) can indicate past relative sea
levels [Lowe & Walker, 2014]. Lithological evidence refers to the observations from
sediments. As sediments are different depending on the type of climate and environment
(glaciogenic deposits, pluvial lake sediments, wind blown sediments, etc.), their observation
coupled with geomorphological evidence can provide a better understanding of past RSL
elevations. Biological evidence refers to remains of plants and animals called macro or micro
fossils [Ruddiman, 2008]. In sea-level reconstruction, the most common approach is to date
biological evidence fulfilling specific conditions to be used as paleo sea-level constraint. This
category of evidence can also be compared to geomorphological and lithological evidence to
ensure the location of the sample is consistent with its natural habitat. In fact, to be used to
reconstruct sea-level, a given sample must be found in-situ (i.e., within its habitat) in the
location where one wishes to reconstruct sea level and be dated (usually with radiocarbon
dating (section 1.4.2)). Also, information must be available relating to the elevation of habitat
compared to a given height within the tidal range such that past mean sea-level can be
estimated (the so-called “indicative meaning”) [Khan et al., 2019]. A few more details are
required to be able to use the samples found on site, but they pertain mostly to the collection
method, the laboratory processing, the condition of the sample, etc., which are outside the

scope of this thesis.

Geological samples or markers used in reconstructing past sea-level give a broad range of
precision. sea-level index points (SLIPs) are a two-way constraint which indicates a specific
sea-level range (maximum and minimum) where the sea level stood in the past [Milne, 2015].

Marine limiting points are a one-way constraint indicating that sea level existed above the
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height associated with that data point. Terrestrial limiting points are also a one-way constraint
but are the inverse of a Marine limiting point in that they indicate an altitude that sea level
must have been below. Those are the three kinds of RSL constraints obtained from geological
proxies. While SLIPs are generally the most useful sea-level data points because of their
precision, limiting data is important to consider when validating the accuracy of SLIPs or in

locations and time periods with few SLIPs.

The type of sea-level constraint a biological sample provides (i.e., SLIP vs limiting) is
determined by the species of the specimen. A species habitat will vary in accordance to
relative sea level. For example, SLIPs can come from species that live in shallow water
habitats such as saltmarshes. The indicative meaning of different species is determined by
studying their distribution relative to mean sea level in the present day and this information
is assumed to remain valid for making paleo reconstruction based on fossils of the same (or
related) species. Geomorphological features such as beach and river delta deposits can also
be used to produce SLIPs (e.g., Thompson et al., 1989). Terrestrial limiting data tends to
come from specimens such as tree stumps and freshwater lakes while marine limiting data
tends to come from marine and glacio-marine deposits and the species contained within these
(e.g., Vacchi et al. 2018). To be accepted as a valid data point, a sample must be examined
thoroughly in order to determine if it has been transported since its death. A sample that is
badly conserved (e.g., fragmented) or in an unconventional orientation relative to
sedimentary bedding planes could indicate that it is not in-situ. Samples found with other
materials that could affect their '*C levels (e.g., plant root penetration, limestone, etc.) are

also avoided.

Since Accelerator Mass Spectrometry (AMS) technology became available, around 1977
[Bennet et al., 1977; Nelson et al., 1977; Purser et al., 1977], the age determination of sea-
level data has been obtained using this method as it is a very precise and quick process that
requires only small samples [Jull, 2013]. Prior to 1977, samples were dated using other

technologies such as the screen wall counter [Anderson et al., 1951] for solid-source counting
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(which had low efficiency and required large samples), photomultiplier tubes for liquid
scintillation counting (which was efficient with small samples but time consuming), and gas
counters for gas proportional counting, which was also efficient [Cook & van der Plicht,
2007]. While solid-source counting did not give out precise enough results and was
ultimately rejected as a dating method, liquid scintillation counting, and gas proportional
counting gave precise results and were used prior to the availability of AMS methods. As
some of the data used in this thesis were published in the 1960s, these older dating techniques

may have been used.

1.4.2. Radiocarbon dating of paleo sea-level indicators

It is well known that radioactive decay is an efficient dating method in many scientific fields.
This principle stems from measuring the quantity of a given isotope in a specimen using
AMS and computing its age based on this information and the half-life of the isotope. The
type of isotope used for dating depends on what geological period one wishes to reconstruct
an age. As various isotopes have different values of half-life, using an isotope with a much
smaller half-life than the period of interest would be inadequate. A good example of suitable
isotopes for dating a given time period would be using Rubidium 87, Uranium 238 and
Uranium 235 to date samples from time periods over 100 Myr as they have a longer half-life
than isotopes like Carbon 14. Since the half-life of the *C isotope is known to be around
5.78kyrs, it is commonly used for dating samples younger than 50 ka old samples [Ruddiman,
2008]. As such, radiocarbon dating is a very effective way to date paleo sea-level data since
the last glacial maximum (~21 ka). Another reason why C is preferred over other isotopes,
is that the beta particles emitted during decay have very low energy, meaning that they cannot
penetrate a sample from the exterior, which minimizes contamination [Cook & van der Plicht,
2007]. Any interference from an external source is bound to produce a larger uncertainty in
the data, which needs to be avoided when reconstructing past events such as sea level

changes.
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One limitation of the standard calculation for dating isotopes is that the time reflected by the
number of '*C atoms is heavily dependant on the initial amount at the time when the item no
longer incorporates '“C from the atmospheric or marine environment. Indeed, since carbon
14 is a cosmogenic isotope, the concentration of '*C found in the biosphere greatly depends
on the number of cosmic rays penetrating the atmosphere. As one can expect, the rate of
production of 'C has varied in the past due to a multitude of processes (e.g., the strength of
the Earth’s magnetic field, variations in solar activity, variation of cosmic ray flux) [O’brien,
1979; Reimer and Reimer, 2007; Quarta et al, 2021]. The resulting variations of “C
concentration can in turn affect the accuracy of radiocarbon dating. For example, a larger
initial concentration of *C at the time of death could make a sample appear younger while a
small initial concentration would make the sample appear older. Thus, calibration curves
have been constructed using data from tree rings, U/T dated corals and any other absolutely
dated proxy records [Quarta et al., 2021; Stuiver et al., 2022] to accurately depict the
concentration of '*C throughout time in both the atmosphere and the hydrosphere to help
with sea-level reconstruction. Figure 1.5 shows the latest calibration curves which are input
to software used to calibrate the radiocarbon-14 ages obtained via AMS methods. A*C
represents the difference between the '*C concentration at a given time and the reference
value assumed in 1950 (in per mil and corrected for radiocarbon decay) [Stuiver & Polach,

1977].
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Figure 1.4 Latest calibration curves for atmospheric (INTCAL20) and oceanic (MARINE20)
A'™C for the past 50 000 years. [Figure 3 from Quarta et al., 2021]

From Figure 1.4, it is evident that the MARINE20 calibration curve shows lower '“C
concentrations that fluctuate less compared to the INTCAL20 curve since the atmospheric
carbon reservoir is directly affected by cosmic rays while it takes other processes to introduce
carbon to the marine reservoir. Modern day data confirms that atmospheric carbon 14 levels
are significantly higher than marine carbon-14 levels, making samples formed in surface
ocean water appear, on average, 400 years older than a sample formed at the same time in
the atmosphere [Reimer and Reimer, 2007]. This observation, referred to as the marine
reservoir age, is used to construct the curves for a better calibration of the data. If a marine
specimen was to be calibrated using the atmospheric curve, the dating would make the sample
appear older than its true age as the initial concentration of '*C would be lower than indicated,
hence the need for a separate curve to calibrate marine geological proxies. Figure 1.4 also
shows that present carbon-14 levels tend to be lower than those from the past 50 000 years,

thus reflecting the importance of the calibration process in radiocarbon dating.
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One major limitation in generating calibration curves is that the very precise method of using
tree rings as an indicator of atmospheric carbon levels (e.g., Becker and Kromer, 1993) only
provides information for roughly 14 000 calibrated years in the past. Earlier data used to
construct a calibration curve before this time tend to have a larger uncertainty, which will
influence the accuracy of the curves. Another issue is the poorly constrained marine reservoir
age prior to the Holocene (11 ka to present) which varies depending on the region the data
came from. As such, 3-D ocean models have been used to determine marine reservoir ages

at specific locations (e.g., Butzin et al., 2017).

Chapter 2. Postglacial Relative Sea-Level Changes in
the Gulf of Maine, USA: Database Compilation,
Assessment and Modelling.

2.1. Introduction

As the present ice sheets continue to melt with ongoing global warming, understanding, and
quantifying the associated sea-level changes becomes increasingly important. One route
towards this goal involves considering records of ice sheet and sea-level changes since the
last glacial maximum to better understand the deglaciation process and its sea-level response.
In addition to seeking a better understanding of the underlying processes, the influence of the
most recent deglaciation continues to impact global changes in sea level through the process
of glacial isostatic adjustment: the response of the solid Earth to changes in land ice (e.g.,
Peltier, 1999; Riva et al., 2009), which is particularly strong in locations of past major ice
sheets such as North America and Eurasia (e.g., Slangen et al., 2012). GIA models, which
solve the sea-level equation [Farrell and Clark, 1976] using information on ice history and

Earth rheology [Whitehouse, 2018], have been tested and refined using sea level
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reconstructions from geological records (e.g., Peltier and Andrews, 1976; Lambeck et al.,
1998; Simpson et al., 2009; Tarasov et al., 2012; Roy and Peltier, 2015). These calibrated
models play an important role in understanding past and projecting future sea-level changes

(e.g., Love et al., 2016).

Data from various regions can be used to test GIA models and constrain parameters. For
example, as the influence of GIA is less significant in far-field regions, observations from
these regions are typically used to constrain changes in global ice volume [Milne, 2015]. On
the other hand, regions in the near-field of past ice sheets, where the GIA signal dominates,
the observed sea-level response is used to infer information on the regional ice history and
Earth rheology [Milne, 2015]. These records are typically more difficult to fit given the large
spatial variations and sensitivity to parameters relating to both the forcing (ice history) and
response (solid Earth). This is particularly true for ice-marginal records where the RSL
response is highly non-monotonic due the local isostatic response being of similar amplitude
to the global barystatic signal [Khan et al., 2015], which is related to the addition or removal
of water mass to the ocean [Gregory et al., 2019]. These records are typically characterised
by an early and rapid RSL fall followed by a lowstand and rise through the Holocene (e.g.,
James et al., 2005; Kelley et al., 2010) and thus present a challenging target for GIA models
[James et al., 2009; Yousefi et al., 2018]. The more rigorous test provided by these data is
important given emerging evidence for an isostatic response that departs from the Maxwell
rheology commonly assumed in GIA models (e.g., Lau et al., 2021) and the importance of
the isostatic response for simulating ice margin evolution (e.g., Gomez et al., 2012;

Whitehouse, 2018; Han et al., 2021).

In this study, we compile, assess and model a RSL database for the Gulf of Maine, USA,
where relative sea level displays a complex and large magnitude signal (e.g., Kelley et al.,
2010). RSL reconstructions from this region are compatible with regional deglaciation
around 15 ka preceding a large RSL fall which ended in a lowstand near 12 ka followed by
a RSL rise that includes a period of relatively low rates of rise (termed a “slowstand”) from

10.5 ka to 7.5 ka [Kelley et al., 2010]. From the data gathered in Kelley et al. [2010], the RSL
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fall is estimated to be around 160 m from 15 ka to 12 ka averaging a RSL change rate of -
53.3 m/kyr. Such a rapid and large signal represents a challenge for GIA models.

Previous GIA modelling studies have considered RSL data from Maine (e.g., Roy and Peltier,
2015; Engelhart et al., 2011). However, they focussed on Holocene data only which can, in
general, be fit well by GIA models. However, the pre-Holocene data which capture the rapid
RSL fall and lowstand have largely been ignored by the modelling community. Our primary
aims are: (1) to compile and assess a pre-Holocene database for this region using agreed
community protocols [Khan et al., 2019] and (2) seek to fit this challenging dataset using a
GIA model.

2.2. Methods

2.2.1 Data compilation and assessment

=70 -65° -60°

Figure 2.1 Map showing data subregions (black squares) and the mean data site location
within each (diamonds) that is used to generate model RSL curves for each subregion.
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The region of study ranges from Nova Scotia, Canada, in the north to Massachusetts, USA,
in the south (Fig. 2.1). For this region, we compile a database of sea-level indicators from the
literature, focussing primarily on the period before 10 ka that is not extensively covered by
the two existing databases [Engelhart and Horton, 2012; Vacchi et al., 2018]. We follow the
database format set out by Hijma et al. [2015] and widely implemented in the compilation of
Holocene sea-level databases from around the world [Khan et al., 2019]. We classify each
sea-level indicator as either a sea-level index point, which provides the elevation of RSL at
a specific location and point in time, or a limiting point, which provides a minimum or

maximum constraint on RSL.

For each SLIP, we assess the indicative meaning, the relationship between the indicator and
contemporaneous tidal levels [Van de Plassche, 1986; Shennan, 2015]. The indicative
meaning, incorporating a midpoint, or reference water level, and uncertainty, or indicative
range, varies between different sea-level indicators. The majority of SLIPs in our database
stem from subaerially exposed glaciomarine delta topset-foreset contacts [Thompson et al.,
1989]. Sequence stratigraphic studies commonly ascribe a reference water level of
approximately mean sea level [Chappel, 1974; Gobo et al., 2015], although few studies have
explicitly validated this with modern observations. We tentatively assign an indicative
meaning of 3 m below mean tide level (MTL) to MTL, following recommendations from
Fernlund [1988] and Berglund [1992]. We do not derive SLIPs from submerged palacodeltas
as the topset-foreset contact cannot typically be confidently discerned in seismic reflection
datasets and may be eroded by subsequent transgressions [Barnhardt et al., 1995; 1997].
Nevertheless, we use these geomorphic features and the elevation of fluvial incision [Knebel
and Scanlon, 1985] to corroborate quantitative reconstructions of the depth of the lowstand
obtained from other data sources. Fine-grained estuarine facies containing well-preserved
intertidal or shallow subtidal bivalves provide a small number of SLIPs; however, several of
these are of critical importance in defining the depth of the lowstand [Lee, 2006]. For these
samples, we assign indicative meanings with reference to literature on the depth distributions

of the particular species of bivalves encountered, as discussed in section 3.
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The majority of marine limiting points in our database relate to the glaciomarine sediments
of the Presumpscott Formation (e.g. Stuvier and Borns, 1975; Hyland, 1978; Dorion, 2001;
Retelle and Weddle, 2001). Marine microfossils, shells, macroalgae and other macrofossils
indicate deposition in a marine environment; consequently, we assign an indicative meaning
of below MTL. A small number of terrestrial limiting points relate to organic-rich sediments
or minerogenic sediments containing freshwater microfossils or macrofossils [Stuvier and
Borns, 1975; Belknap et al., 1987; Anderson et al., 1992]. For these samples, we assign an

indicative meaning of above highest astronomical tide.

We estimate relevant tidal datums for each sea-level indicator using the TPXO8-Atlas global
tidal model [Egbert and Erofeeva, 2010]. We do not consider changes in tidal range over
time; nevertheless, any such changes are likely to be small in comparison to the magnitude

of the changes in relative sea level following the deglaciation of the region.

For all sea-level indicators, we account for uncertainties in the vertical position, including
uncertainties related to the absolute elevation of the top of a core or section and the subsurface
depth of the dated sample [Hijma et al., 2015; Khan et al., 2019]. Many of the source
publications provide elevations with respect to an unspecified datum. We assume that this is
mean sea level and do not apply any corrections to account for datum differences. Where
possible, we derive estimates of each component of the vertical position uncertainty from the
original publications and follow the recommendations of Hijma et al. [2015] where these are

not stated.

Radiocarbon dating provides constraints on the age of many of the sea-level indicators in the
database. We recalibrate all ages, including those in the databases of Engelhart and Horton
[2012] and Vacchi et al. [2018], using OxCal v.4.2 [Bronk Ramsey, 2009] and the IntCal20

and Marine20 calibration curves [Heaton et al., 2020; Reimer et al., 2020]. To account for
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the marine reservoir effect, which is the difference between the age of a marine-fed organism
and an atmospheric fed organism at the location of the organism, we use the delta R
application [Reimer and Reimer, 2017] to recalculate the reservoir correction from paired
terrestrial and marine samples from the Mercy Hospital landslide site (subregion 8b)
[Thompson et al., 2011]. We apply the resulting correction (AR) of 617 + 149 years to all
marine samples older than 12 ka. Marine shells collected in the 19" and 20" centuries suggest
a substantially smaller correction is required in the late Holocene [McNeely, 2006]. We
consequently use AR =-70 £ 44 years from the calib 8.2 application [Stuiver et al., 2022] for

data under 8 ka and linearly interpolated AR values for ages between 8 and 12 ka.

The subaerially exposed deltas from which we derive SLIPs lack direct age control
[Thompson et al., 1989]. Nevertheless, as they were deposited in contact with the ice margin
or close to it, they must have closely postdated the local deglaciation. Consequently, we are
able to assign an age range with a conservative temporal uncertainty based on the timing of
deglaciation. Ice-sheet recession occurred in coastal Maine starting from approximately
~14.5ka [Borns et al., 2004; Dalton et al., 2020]; we have, therefore, assigned an age of
13.5+ 1 ka for each of these SLIPs. While falling relative sea level means that lower
elevation deltas very likely postdate higher elevation deltas, uncertainties over the precise
pattern and timing of the rapid retreat of ice from the region currently prevent the

development of a more detailed chronology [Dalton et al., 2020].

We divide the study region into 10 subregions following the spatial partitioning adopted by
Vacchi et al. [2018] for Canada and Engelhart and Horton [2012] for the United States, with
further subdivision of two subregions that incorporate data from greater distances inland from
the present coastline (Fig. 2.1). We plot sea-level index points as boxes with width and height
proportional to the vertical and 26 age uncertainties. We plot marine limiting points as blue
T-shaped symbols and terrestrial limiting points as green L-shaped symbols. For limiting
points, the horizontal line lies at the extreme limit of the vertical uncertainty and the width

reflects the 26 age uncertainty.
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For the assessment of the SLIPs indicating the lowstand in the Gulf of Maine, we looked into
the specimen respective to all three data points. From those, one of the specimens was
removed due to its damaged state suggesting the possibility of reworking. Both remaining
specimens were in good condition and thus, were kept as datapoints. However, the RSL

uncertainty has been increased due to rare encounters at lower depths.

2.2.2 GIA model

Assuming a spherically symmetric Earth with a Maxwell (viscoelastic) rheology, our GIA
model computes the sea-level response to Late Pleistocene ice-ocean mass redistribution.
This response is computed using an algorithm for 1D earth models to solve the sea-level
equation. [Kendall et al., 2005; Mitrovica and Milne, 2003]. The model incorporates time-
varying shorelines as well as the influence of GIA-induced changes in Earth rotation [Milne
and Mitrovica, 1998; Mitrovica et al., 2005]. The two primary model inputs are an ice loading
history and Earth model that defines density and rheological parameters as a function of

depth.

As is common in GIA studies, the viscosity of the Earth model is partitioned into three shells:
the lithosphere being the outermost region of variable thickness and high viscosity as well as
the upper mantle and the lower mantle being deeper regions with uniform viscosity. The
upper mantle extends from the base of the lithosphere to 670 km depth and the lower mantle
extends from 670km depth to the mantle-core boundary at approximately 2891 km.

Our viscosity parameters consider multiple combinations of the following 11 upper mantle
viscosity (UMV) values [0.05, 0.08, 0.1, 0.2, 0.3, 0.5, 0.8, 1, 2, 3, 5] x 102! Pas and the following
10 lower mantle viscosity (LMV) values [1, 2, 3, 5, 10, 20, 30, 50, 70, 90] x 10%' Pas with
lithosphere thickness of either 46, 71, 96 or 120 km, giving a total of 440 combinations for a
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single ice model, with one model run of a given combination taking up to a few minutes. The
large range of viscosity parameters considered in our GIA modelling reflects the fact that the
Earth’s viscosity structure is not well constrained. The density and elastic structure were set
according to the seismic model PREM [Dziewonski & Anderson 1981]. Within the model
lithosphere, viscosity values were set to very high values (order of 10* Pas) such that the
viscous response is negligible on typical GIA time scales. More realistic depth-dependant
viscosity values of the lithosphere (order of 10* Pas) were tested by Kuchar and Milne [2015]
and resulted in similar deglacial RSL responses to the simplified model considered here,

except in areas under a relatively small ice sheet at LGM.

For the ice history input, we selected three published models: one developed by colleagues
at the Australian National University (referred to as the ANU model hereafter) (e.g.,
Lambeck et al., 2014; Lambeck et al., 2017), ICE-6G [Peltier et al., 2015] as well as one
North American Ice Complex history from Tarasov et al. [2012]: GLAC1D-na9927
(abbreviated to 9927 in the following). This regional model is embedded in the global ICESG
model [Peltier, 2004]. Ice extent for these models in our study region is shown at 21 ka, 17
ka and 13 ka in Figure 2.2. At 21 ka, the 9927 model has a lower ice thickness compared to
ICE-6G and ANU by more than 1000 m in some areas. From 21 ka to 17 ka, all models show
a significant amount of thinning, but ice remains present near the Gulf of Maine coastline.
Margin retreat is greatest in the 9927 model, followed by the ICE-6G with the ANU model
showing little margin retreat by 17 ka. By 13 ka, ice has retreated from the region of study in
all three models. Finally, we note that the ICE-6G and 9927 models were developed assuming
the viscosity model VM5a [Tarasov et al., 2012; Peltier, 2015]. The ANU model was
developed via an iterative procedure to jointly optimise the Earth viscosity model and ice
history, with optimum Earth model viscosity structure defined by LT=102 km, UMV=5.1 x
10%° Pas, LMV=1.3 x 10%? Pas [Lambeck et al., 2017].
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Figure 2.2 Ice thickness distributions of the ANU, ICE-6G and 9927 ice models at 21 ka, 17
ka and 13 ka for the study region.

Constraints on ice thickness changes in this region prior to major margin retreat around 15
ka are poor due to large dating uncertainties coupled with limited data to constrain margin
retreat [Dalton, 2020]. Given this, we generated some relatively extreme pre-15 ka
deglaciation scenarios in an attempt to fit the RSL observations. To do this, we partitioned
the ICE-6G model into a regional and global component. This ice model gave some of the
best results in fitting the RSL data and so it was chosen for this aspect of the model sensitivity
analysis. We isolated the regional component by multiplying the ICE-6G thickness values by
a disc of thickness unity which tapers to zero beyond a specified radius (see Fig. S1 and S2).
The chronology of ice in this regional component (Fig. S2, inset) was varied to delay ice
thinning after 21 ka and thus produce more rapid retreat near the time of rapid RSL fall

around 15 ka (Fig. 2.3). The standard ICE-6G chronology was applied to ice thickness values
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beyond the region covered by the disc (Fig. S2, main plot). This procedure allowed us to vary
the poorly known ice thickness chronology within the study region without affecting ice
extent/chronology in other areas. RSL was computed for the global and regional ice models
separately and these results were summed to determine the total RSL signal. The error
incurred in this procedure is small (a few metres) as the RSL response is linear in the ice
loading component (which dominates the RSL response in this region, see Fig. 2.7). The

error is related to changes in the computed ocean loading signal which is of second order.

2.2.3 Data-model comparison

Prior to the comparison of the database with GIA models, redundant limiting data were
removed using a visual analysis (see Fig. 2.3 and S3). For example, time periods with many
SLIPs do not need limiting points as RSL is already well constrained via the SLIPs. Limiting
data is mostly kept during periods with few or no SLIPs. In the case where two limiting
points of the same type occur at the same time, only the limiting point which provides the
more useful constraint is kept. For example, in the case of two lower limiting points, the one
with the highest RSL value is kept to avoid redundancy (the lower point does not add
additional information). The inverse applies for upper limiting points. Limiting points with
the lowest uncertainty values are also prioritized as the constraint they give is more precise.
As SLIPs are the most useful data type for sea-level reconstruction, all of these were kept in
the data set. Removing redundant data affects the data-model comparison as the algorithm
tends to give lower misfit values if the model curve respects all the redundant limiting data,

which could bias our results.
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Figure 2.3 Representation of all datapoints. SLIPs are shown as black boxes, marine limiting
data as blue ‘T’ symbols and terrestrial limiting data as inverted green ‘T’ symbols.
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Figure. 2.3. (continued).
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The quality of data-model fit for a given parameter set (i.e., set of 3 earth viscosity parameters
and specified ice model) was quantified by calculating a misfit value. In total, over 1300

parameter sets were considered.

For a given parameter combination and individual SLIP location, the closest point on the

model curve (in height and time) is determined. The misfit (85;;p) is then computed using:

(Za B/ ORsin + B2/ 52)
Ss1ip = N (2.1)

With Agg, , and A, being, respectively, the RSL and age difference between the n™
observation point and the model prediction closest to this point. oggs,, and o¢, are,
respectively, the 2-6 observational uncertainty of the RSL and age, and N is the total number

of observational data for a given subregion.

Data-model misfit for the limiting data (6;;,,) were calculated differently as these data
provide only a one-sided height constraint on RSL. While the SLIPs indicate that the RSL
must be a specific value at a given time, the limiting data accepts any value above (for lower
limiting) or below (for upper limiting) the data. Thus, finding the closest point on the model
RSL curve to determine a misfit is less appropriate in this case. Therefore, model values were
determined for the age of the limiting data point (including uncertainty) and a misfit
calculated if the model curve sat on the ‘wrong’ side of the point (e.g., above an upper

limiting point) using:

\/ Z%’:l(Azzeu,n/ U]%SL,n)
uim = — (22)
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If the model value sat on the ‘correct’ side of the limiting point, no penalty is incurred. Since
the limiting data are one-sided RSL constraints, the misfit computed is weighted by 0.5 when

determining the total data-model misfit:

87otal = Ospip + 0.5 81im (2.3)

The Earth viscosity parameter combination giving the lowest value of 87,¢,; 1S selected as

the best fitting viscosity model for each of the ice histories used.

2.3. Results and discussion

Our new database compiles 223 accepted sea-level indicators, of which 90 are SLIPs, 119
are marine limiting points, and 14 are terrestrial limiting points. The oldest sea-level
indicators have mean ages predating 16 ka, while 93 % predate 10 ka. Of the sea-level index
points, 69 are from subaerially exposed glaciomarine delta topset-foreset contacts that lack
direct chronological control but must closely postdate deglaciation [Thompson et al., 1989].
Our database complements existing, predominantly post-10 ka databases compiled by
Engelhart and Horton [2012] and Vacchi et al. [2018], which include 221 and 215 sea-level
indicators from the region of this study, respectively. We use a compilation of 659 combined
sea-level index points, terrestrial limiting points and marine limiting points from Vacchi et
al. [2018], Engelhart and Horton [2012] and the new database, to reconstruct RSL for this

region (Fig. 2.1).

In subregion 8b, two SLIPs constrain the depth of the lowstand (Fig. 2.1). These index points
relate to articulated Mya arenaria and Mytilus edulis shells encountered in fine-grained

sediments from Saco Bay, near Portland, Maine [Lee, 2006]. Tyler-Walters [2008] considers
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M. edulis as intertidal to 5 m depth based on a global synthesis of records, while Suchanek
[1978] reports the species to 10m below MTL along the US West coast. Similarly, M.
arenaria is widely reported as an intertidal to shallow subtidal species [Rasmussen, 1973;
Newell & Hidu, 1986; Powilleit et al., 1995]. While it has been reported from deeper depths
[Theroux and Wigley, 1983], it’s not clear that these specimens were live at the time of
collection rather than having been reworked from their original living depths. We
consequently assign indicative ranges of MTL to 10 m below MTL to both species. We reject
two further samples from Lee [2006] that are from similar ages and elevations due to poor
preservation of the dated shells and the possibility of reworking. We also treat a poorly
preserved articulated Modiolis modiolis specimen as a marine limiting point due to the wide
depth distribution of this species [Tyler-Walters, 2007]. The two accepted SLIPs suggest
relative sea level fell from -32.5+ 5.2 m at 12457 - 13102 cal yr BP t0 -59.9+ 5.2 m at 11875
— 12710 cal yr BP. This lowstand depth is consistent with undated evidence from the
submerged Kennebec palacodelta, which features possible shorelines at elevations of -20 — -
30m, -30 —-40 m and, in its central/southern portion, -50 —-60 m [Shipp et al, 1991;
Barnhardt et al., 1997]. The depth is also consistent with a fluvially incised basal
unconformity observed down to an elevation of -40 m in Penobscot Bay [Knebel and
Scanlon, 1985]. The basal unconformity grades into a conformity at elevations of ~ -70 — -
90 m [Kelley and Belknap, 1991], suggesting that the wave base at the lowstand was above
this depth.

As indicated in Fig. 2.1, the data at sites 7 and 8 were sub-divided into areas A and B. This
was done because the spatial RSL gradient across these sites is large, resulting in a
considerable error when including all the data on a single RSL-time plot (see Fig. S4).
Partitioning the data as indicated in Fig. 2.1 reduces this error considerably. Note, that this
spatial variation in the data has no impact on the misfit calculations as these values are
computed at the spatial co-ordinates of each data point. It only affects the accuracy of
compiling the data onto a RSL-time plot and comparing these data with a model curve (which

is computed at the average of all the data points in a given area — diamonds in Fig. 2.1).
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Figure 2.4 Data-model misfit value using the entire RSL data set (SLIPs and limiting data)
for 11 UMV values and 10 LMV values for a given ice history and optimal lithosphere
thickness: (top) LT=120 km for ICE-6G (8,,;,=1.906 at UMV=5 x 10?° Pas, LMV =5 x 10*!
Pas), (middle) LT=120 km for ANU (8,,,;,=1.948 at UMV=8 x 10*° Pas, LMV = 3 x 10!
Pas) and (bottom) LT=46 km for 9927 (8,i,=2.604 at UMV=1 x 10?! Pas, LMV = 5 x 10!
Pas).
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We seek to determine a model parameter set that provides a good fit to the majority of the
RSL data (Fig. 2.3). In practice, this involves determining the parameters that minimise the
misfit function (eqns (2.1) & (2.2)). Figure 2.4 provides a representative summary of this
analysis, in which the darker areas identify the model parameters that produce the best data-
model fits. The middle range of UMV values and mid to lower range of LMV values result
in the best fits to our dataset. While the misfit function is broadly similar in pattern for all
three ice models, there are significant differences. For example, the 9927 misfit values tend
to be higher than those for ANU and ICE-6G indicating that the model fits are poorer in
general for 9927. The best fits for this ice model are found for mid to low LMV values and
mid to high UMV values. In comparison, the misfit functions for the ANU and ICE-6G
models show a ‘u-shaped’ pattern of low values that results in a better constrained range of
UMYV and LMYV values that result in optimal fits. As evident in Fig. 2.4, optimal parameter
values for the ANU and ICE-6G model produce significantly better fits compared to 9927
(minimum misfit values and the Earth viscosity parameters that result in these are given in
Fig. 2.4 caption). One common result for all ice models is the poor fits obtained using UMV
values below 1 x 10*° Pas. Following this, we selected the set of Earth parameters with the
lowest misfit value to visually compare the data to modelled RSL based on optimal parameter

values for all sites.
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Figure 2.5 Model curves calculated at each site (diamonds in Fig. 2.1) using the parameter
sets that best-fit all datapoints (solid lines). SLIPs are shown as black boxes, marine limiting
data as blue ‘T’ symbols and terrestrial limiting data as inverted green ‘T’ symbols.
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Model RSL curves for optimal parameter sets are plotted with the observations in Fig. 2.5.
The generally higher misfit values for the 9927 ice model are evident in Fig. 2.5. For example,
at site 1, the 9927 curve fits most of the data, but does not reach to the SLIP near -30m, in
contrast to the ANU and ICE-6G curves. At sites 6 to 8, the 9927 model struggles to match
the steep RSL fall as well as the observed lowstand. The ANU and ICE-6G models are also
unable to fit the RSL fall and the depth of the lowstand, however, their predicted RSL fall is
much steeper and the lowstand is deeper compared to the 9927 model. At sites 7 to 10, the
9927 model curves do not capture a lot of the younger RSL data, while the ANU and ICE-
6G models do much better. In contrast, the optimal 9927 curve more closely predicts the
depth of the RSL lowstand at site 9. However, the curve for 9927’s optimal parameters for
our region still does not reach deep enough to properly fit the lowstand near -30m. The 9927
model does fairly well at sites 2 to 5, but the fits elsewhere are of poorer quality. The ANU
and ICE-6G models provide good fits at sites 1 to 6 and at site 10, hence the lower misfit
values overall (Fig. 2.4). None of the models can fit the data at sites 7 to 9 where the observed
RSL signal is captured most completely; a particular challenge is fitting the timing and depth
of the RSL lowstand.

We also computed RSL curves using the earth viscosity models that were used in the
development of ICE-6G and 9927 [VM5a Earth model; Tarasov et al., 2012; Peltier, 2015]
or, for the ANU model, was the outcome of a joint inversion [Lambeck et al., 2017]. For the
ANU case we used parameters that fall within the provided uncertainty ranges, specifically:
LT=96 km, UMV=5 x 10?° Pas, LMV=10?? Pas. Unsurprisingly, the parameters determined
to optimise fits to the Maine dataset (Fig. 2.4) produce better quality fits at most locations
(Fig. S5).

Data-model fits were also calculated for specific sites, notably 7 and 8, to determine if

significantly improved fits can be achieved at these most challenging sites. The resulting
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misfit plots (not shown) are similar to those obtained for the entire data set (Fig. 2.4) and so
the changes in optimal parameter values for each ice model were minor. As a result there was
no significant improvement in the quality of RSL fits at sites 7 and 8. As such, we adopt the

optimal Earth model parameters inferred using the entire data set.

In the remainder of this section, we present a sensitivity analysis to determine the feasibility
of improving the model fits to the RSL lowstand without deteriorating the fit quality
elsewhere. For this analysis we focus on four sites: 6, 7b, 8b and 9. These sites were chosen
because they capture, to some degree, both the glacial and Holocene aspects of the RSL
response, and so are the most challenging to fit, and they span the majority of the Maine

coastline.
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Figure 2.6 Sensitivity of the modelled RSL at sites 6, 7b, 8b and 9 to variations in lithosphere
thickness (blue lines), upper mantle viscosity (pink lines) and lower mantle viscosity (green
lines). The black lines indicate RSL calculated using a model with intermediate parameter
values (LT=71 km, UMV=0.5 x 10?! Pas, LMV=10 x 10! Pas; abbreviated to 71p510 in key
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where viscosity values are x10*' Pas and p5 stands for 0.5) which serves as a reference for
the coloured lines in which one parameter value was increased (solid lines) or decreased
(dashed lines) relative to the intermediate value. The ICE-6G model was used in the
simulations. SLIPs are shown as black boxes, marine limiting data as blue ‘T’ symbols and
terrestrial limiting data as inverted green ‘T’ symbols. See figure key for details. Note that
the RSL range varies between plots.

We first consider the impact of varying the three Earth model parameter values. We define a
reference parameter set that has intermediate values: LT=71 km, UMV=5x10?" Pas,
LMV=10%Pas (black line in Fig. 2.6) and vary each of the three Earth model parameters
sequentially to isolate the sensitivity of modelled RSL to each one. RSL sensitivity to
variation in LT indicate that thicker values result in larger RSL variations. While this is
counter intuitive, it can be explained by the dominance of the ice-loading signal in this region
(see Fig. 2.7 and related discussion): the thicker the lithosphere, the smaller the magnitude
of ice-induced uplift (RSL fall) which leads to the barystatic signal having a larger effect and
increasing the depth of the early Holocene lowstand. Model sensitivity to LMV is also
significant, with variations in the order of 10s of metres. In this case, however, the
intermediate curve (black line) is above both the higher and lower LMV values instead of

being between them.

While both LT and LMV changes have a significant effect on the local RSL variations, the
model output is most sensitive to changes in upper mantle viscosity (especially within the
lower half of the range considered). A high UMV gives a similar curve to the intermediate
value, but with a slightly smaller rate of change while the low UMYV increases the rate of
RSL change significantly. Of all the earth model parameter variations considered in Fig. 2.6,
adopting a low UMV value is the only case that produces a local RSL lowstand that is broadly
compatible with the data (although we note that the timing is earlier than indicated in the
observations). However, the low UMV value also results in a RSL highstand during the mid-
Holocene which is not observed. Based on our sensitivity analysis results for variations in
LMV, we also considered model runs with low UMYV values and high and low LMV values

in an attempt to remove the Holocene highstand. However, similar results were obtained
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which we interpret as being due to a more muted sensitivity to LMV when very low UMV
values are adopted, due to deformation being focused in the upper mantle region. This is
compatible with the misfit results (Fig. 2.4), which indicate relatively poor-quality fits for
very low UMYV values (reflecting the large misfits in the mid-to-late Holocene). Thus, it
appears that there is a trade-off between fitting RSL data in the late glacial and early Holocene

versus fitting those in the mid-to-late Holocene.
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Fig. 2.7 illustrates components of the RSL model curve in the Gulf of Maine for ICE-6G and
two Earth viscosity models to assist in our interpretation of the results in Fig. 2.6.
Specifically, the signal associated with the ice load, ocean load, global mean changes, and
due to GIA-related changes in Earth rotation are isolated at site 8b (results for other sites are
similar). The global mean sea-level change includes the barystatic signal caused by the
addition of melt water, and syphoning [Mitrovica and Milne, 2002]. As expected, the ice
loading signal dominates the RSL response in the Gulf of Maine. This is the case regardless
of the adopted ice and earth model parameters. While considerably lower in magnitude than
the ice component shortly after ice retreat, the GMSL and ocean component signals are
significant during the late glacial and Holocene when the ice signal has reduced in amplitude.
The GMSL curve shows a large increase during deglaciation until around 7 ka, after which
global melting is much reduced [e.g., Dutton et al., 2015] and so the syphoning process

dominates, leading to a small RSL fall.

The ocean-loading signal contributes a RSL fall of almost 20 m since 15 ka which is
dominated by subtle land uplift associated with continental levering [Clark et al., 1978]. The
rotation signal does not exceed more than a few metres during deglaciation and so is not a
significant contributor to the total modelled RSL. It is notable that the ocean, rotation, and
GMSL signals are not strongly affected by the change in UMV (compare left and right plots
in Fig. 2.7). Therefore, the large sensitivity to low UMV values found in Fig. 2.6 is strongly
associated with the ice component signal. This signal includes a large RSL fall which is
dominated by land uplift during deglaciation with smaller contributions from gravitational
changes affecting the sea surface height. Using the optimal Earth model parameters for the
ICE-6G model (left plot), the ice signal changes from a fall to a rise around 7 ka as the hinge
line migrates (perpendicularly to its orientation) towards Hudson Bay resulting in the

transition from land uplift to subsidence.

The ice signal for a low UMV (right plot) shows more rapid uplift and an earlier transition

from (ice-induced) uplift to subsidence (~12 ka). This explains the deep and early RSL



47

lowstand in Fig. 2.6 for UMV=5 x 10'° Pas. As the hinge line recedes towards Hudson Bay,
this low UMV case also shows a second change in slope of the curve during the mid-
Holocene which leads to the highstand around 6 ka in Fig. 2.6 for this choice of UMV. This
indicates a transition from subsidence back to uplift at this time. This is suspected to be a
result of channel flow in the upper mantle. As the Gulf of Maine is first situated in the near
field of the ice sheet and then becomes a peripheral region during its retreat, this could explain
the occurrence of a RSL Holocene highstand in a low UMV setting. Specifically, previous
work [Officer et al.,1988] has shown that models with a high LMV/UMYV ratio exhibit
channel flow in the upper mantle which is characterised by subsidence followed by uplift of

peripheral regions.
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Figure 2.8 RSL model curves for various ice models for Earth viscosity parameters LT=71
km, UMV=5 x 10'° Pas, LMV=5 x 10?! Pas at sites 6 to 9. SLIPs are shown as black boxes,
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marine limiting data as blue ‘T’ symbols and terrestrial limiting data as inverted green ‘T’
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Figure 2.9 Model RSL curves at sites 6, 7b, 8b and 9 for various upper mantle viscosity
values, LT=120 km, LMV=5 x 10%! Pas, and a late and rapid regional deglaciation of the
ICE-6G model (indicated by “Delayed” in the key; see main text for more information).
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SLIPs are shown as black boxes, marine limiting data as blue ‘T’ symbols and terrestrial
limiting data as inverted green ‘T’ symbols.

The above results indicate that changing the Earth viscosity parameters alone cannot provide
good quality fits to the RSL data, particularly at sites 7-9. To complete the sensitivity
analysis, we turn our attention to the ice model to examine the sensitivity of RSL to this
model input and to try and better fit the timing of the RSL fall and lowstand. As described in
Section 2.2, we isolated a regional component of the ICE-6G model (Fig. S2, inset) and
varied the chronology of this component only. Specifically, we considered two scenarios
where the ice thickness is kept constant from 25 ka until 18 ka or 15.5 ka such that the

deglaciation prior to 15 ka is later and more rapid.

Figure 2.8 shows differences between RSL curves computed using five ice models with the
same set of Earth viscosity parameters (see Fig. S6 for a second set of Earth viscosity
parameters). While 9927 gives deeper lowstands for this parameter set, ICE-6G gives a
steeper RSL fall and so is more compatible with the older data. The ANU model gives the
least steep RSL fall as well as a delayed lowstand. Both of the delayed regional deglaciation
scenarios seem to give higher lowstand values with the delay until 15.5 ka giving the highest
lowstand. The delay in deglaciation delays the timing of the RSL fall as well as the timing of
the lowstand. Therefore, varying the timing of regional deglaciation will be necessary to
improve the data-model fit with low UMYV values which did not previously fit the older data
(see Fig. 2.6). In general, the results in Fig. 2.8 indicate that changing the ice model governs
the timing and rate of the initial RSL fall as well as the amplitude of the RSL changes. While
some models are able to capture the lowstand, none are able to also match the SLIPs that
define the RSL fall, particularly at site 8b. Also, all models predict a large Holocene
highstand.

Of the two delayed regional scenarios, the more extreme case (15.5 ka) matched the timing

of the observed RSL fall most accurately (Fig. 2.9). The delayed and more rapid deglaciation
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greatly improves the data-model fits for the older data, particularly at sites 7b & 8b. However,
the RSL lowstand amplitude at sites 8b & 9 is further from the observed constraints
(compared to results in Fig. 2.6 for low UMYV viscosity case). This is somewhat counter
intuitive given that the regional deglaciation is later and more rapid. However, it reflects the
larger rates of barystatic RSL rise during the lateglacial period which exceeds the rate of RSL
fall due to local processes, causing the RSL lowstand at ~12 ka. While there is scope to
explore more deglaciation scenarios to fine tune the quality of fit to the older data, for
example the timing of regional deglaciation at site 8, the misfit to Holocene data remains a
key issue that cannot be resolved by varying the regional ice history. A possibility of local

vertical land motion unrelated to tectonic activities has also yet to be explored.

Our efforts to fit the RSL observations using three different published ice histories, 440
combinations of viscosity parameters for a 1D (spherically symmetric) Maxwell Earth model
as well as two extreme scenarios of regional deglaciation have been unsuccessful. Our results
are unable to fit the rapid RSL fall immediately following deglaciation and the steady RSL
rise in the mid-to-late Holocene. Matching the rapid rate of RSL fall requires low values of
UMV but this leads to the prediction of a highstand in the mid-Holocene due to the large
UMV-LMV contrast. Our results are based on the standard, three-layer viscosity
parametrisation of the lithosphere, upper mantle and lower mantle. A different depth
parametrisation of this structure could produce better fits. For example, Yousefi et al. [2018]
show that adding a fourth layer to represent the asthenosphere can result in improved fits to
RSL data obtained near the margin of the Cordilerran ice sheet. However, the addition of an
asthenosphere did not have a strong impact in their region of study, which was also proximal

to an ice margin, and so this possibility was not explored here.

Our results lead us to propose that the RSL data from Maine can be fit only by an Earth model
with time dependent viscosity, such that the viscosity is weaker during large loading (stress)
changes. This would provide the most effective route to fit both the older and younger data.

Producing a time-varying viscosity requires the application of non-Newtonian and/or
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transient rheological models (e.g., Wu & Wang, 2008; Lau et al., 2021; Ivins et al., 2022;
Sabadini, 1985). A recent paper by Kang et al. [2022] explores the influence of non-
Newtonian rheology in the upper mantle. The results indicate a reduced UMV during
deglaciation which amplifies the rate of RSL but with lower rates of vertical displacement
during the Holocene when stress levels have decreased resulting in a higher effective
viscosity. These characteristics indicate that this more complex model has the potential to
provide good fits to the Maine data set and so we encourage future efforts to test this idea.
The Maine RSL data set is arguably the best paleo record available to test and constrain the

rheological component of GIA models.

2.4. Conclusions

In this study, we present an extended and critically assessed RSL data set for the Gulf of
Maine. Based on our assessment of the data, we conclude that a lowstand of ~60 m along the
central Maine coast is robust. However, as our database only comprises a few SLIPs to
accurately constrain the extent and the timing of the lowstand, we encourage future studies
to collect new data and thus help consolidate our assessment of post-glacial RSL change in

this region.

Our model results are generated based on three ice histories and 440 earth models assuming
a 1D (spherically symmetric) Earth with a Maxwell rheology. Results show that the models
are able to bound the data at most sites relatively well, except for locations 7 and 8 where no
set of model parameters is able to accurately capture the amplitude and timing of the observed
RSL change. This signal is due mostly to the large influence of the ice-loading signal on the
postglacial RSL response. The high rate of RSL fall can only be modelled using low values
of upper mantle viscosity (order of 10'° Pas). However, such low viscosity values result in a
mid-Holocene RSL highstand which is not supported by the observations. We also

considered an extreme and delayed regional deglaciation scenario to test the sensitivity of
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our GIA simulations to this aspect of the ice model but were still unable to match the older
and younger (Holocene) RSL observations with a single set of model parameters. We
conclude that the RSL data can only be fit using more complex models of Earth rheology
that can simulate changes in earth viscosity through time — via transient or non-Newtonian

deformation.
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2.5 Supplementary figures
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Figure S1 Representation of the ice disk varying from 1 (uniform over the region of study)
to 0 (uniform outside of the region of study), before the implementation of the ice model
(see Fig. S2)
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Figure S2 Representation of the global ice model and regional ice model (inset) based on
ICE-6G at 21 ka.

55



100

(@)
)

1) DT

A

TN
o

Relative sea level (m
o 3

N
S

I
o

-60

Figure S3 Representation of datapoints before cleaning and recalibration (left) and after
recalibration (IntCal20 and Marine20) and cleaning (visual analysis) (right) at site 8b.
SLIPs are shown as black boxes, marine limiting data as blue ‘T’ symbols and terrestrial

56

1100

80

60

|

40

20

U (O

- __20_ |
ml [l |
-] oo | _
1512 9 6 3 0 15-12 9 6 -3

Time (kyr)

0



57

limiting data as green ‘L’ symbols. Note that the height uncertainty ranges for the two
SLIPs that constrain the RSL lowstand were increased (as discussed in Section 3 of main

text).
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Figure S4 (Left) Model output of the RSL gradient at 14 ka for an optimal parameter set
(ICE-6G, LT=120 km, UMV=5 x 10?° Pas, LMV = 5 x 10?' Pas) with selected datapoint
locations from sites 7 & 8 that indicate the RSL range spanned by the data (see figure key).
(Right) RSL model curves at minimum and maximum locations at sites 7 & 8 (defined via

the map on left) as well as the mean location determined from all data at each site.
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Figure S5 Model curves calculated at each site (diamonds in Fig. 2.1) using the parameter
sets that best-fit all datapoints (solid lines) and each ice model’s partner viscosity parameters
(dashed lines). SLIPs are shown as black boxes, marine limiting data as blue ‘T’ symbols and
terrestrial limiting data as inverted green ‘T’ symbols.



120 120n — 140 In T
1 Site 7b \-. Site 8a
1}
100 120 i
80 100 .
60 80 .
40 60 .
E 20 40 -
2
2 0 9 0 20 15 1‘2 9
- . _ . _
% ‘I T T T T
o Site 8b
-2 100 1
©
(¢))
oc

50

-50- H

-10

| |
-15-12 9 6 -3 0

Time (kyr)

Figure. S5 (continued).

| -40
-15-12 -9 6 -3 0 -12

Marine ANU 120p83
Terrestrial — ICE6G 120p55 =—
SLIP =3 9927 4615 —

ANU 96p510
ICE6G vmba = -
9927 vmba - -

59



60

80

60

40

20

o

n
(=)

100

Relative sea level (m)

(6)]
o

'50 |:|
| | | | SlteI 8b | | | | Sl;teg
95 2 9 6 3 0% 95 42 9 6 3 0
_ Marine 9927 — ICE6G 15.5ka delay —
Time (kyr) Terrestrial — ANU ICE6G 18ka delay —
SLIP —ICE6G —

Figure S6 RSL model curves for various ice models for Earth viscosity parameters LT=71
km, UMV=5 x 10?° Pas, LMV=5 x 10*' Pas at sites 6 to 9. SLIPs are shown as black boxes,
marine limiting data as blue ‘T’ symbols and terrestrial limiting data as inverted green ‘T’
symbols.
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Chapter 3. Conclusion

As past ice sheet deglaciation proved that GIA is a process that can trigger large RSL changes
(around 100 m scale) in just a few kyr, GIA modelling has been one of the key components
in RSL studies in the past few decades. In fact, significant progress has been made by
incorporating GIA to research on the rheology of the Earth as well as global and regional ice
sheet history [Whitehouse, 2018]. In this thesis, we compared GIA model predictions to a
critically assessed database from the region of Maine in order to better understand past sea-

level history as well as the regional rheology.

The research presented in this thesis was able to fulfil the aims defined in Section 1.1. The
accuracy of the paleo data composing the RSL reconstruction in the Gulf of Maine was
assessed. All samples that were either poorly preserved or subject to possible reworking were
removed from the database. Remaining samples of articulated Mya arenaria and Mytilus
edulis shells that indicate a lowstand around -60 m were investigated through reports about
the natural habitat of those species relative to sea level (e.g., Rasmussen, 1973; Suchanek,
1978; Theroux and Wigley, 1983; Tyler-Walters, 2008). As there have been some rare
occurrences of finding these species at lower depths than thought when the RSL lowstand
was originally reconstructed, the RSL uncertainty range was increased on these SLIPs. Since
few samples were found to indicate the lowstand, geomorphic features were also used to
corroborate the depth of the lowstand, which confirmed the assessment, improving the
knowledge of the past RSL changes in this region. That said, given the low number of
samples available to quantify the lowstand, future work to consolidate the value determined

in this study is recommended.

Using the revised database, a GIA model was thoroughly tested using a set of 440 Earth
parameter combinations and five different ice histories. While data-model misfit analysis

showed a preference for mid to low LMV values and mid range UMV values, no combination
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of Earth parameters and/or ice history was able to generate a model curve that fit the large
amplitude and timing of the RSL reconstruction in the Gulf of Maine. The modelled RSL
curve is most sensitive to variations in UMV. Specifically, low UMV values (order of 10"
Pas) were able to provide a large amplitude RSL fall similar to the one observed in the region
but occurring too soon compared to the data. This is compatible with the fact that the ice-
loading signal is dominant in the late glacial period and early Holocene. An extreme and
delayed regional deglaciation scenario was able to provide a better timing for the RSL fall
and lowstand, however the lowstand amplitude was underpredicted due to the larger
barystatic signal at this later time. These attempts at fitting the rapid RSL fall and lowstand
using low UMV parameters resulted in a predicted RSL highstand during the mid-Holocene
which is not observed. Thus, it appears that there is a trade-off between fitting RSL data in

the late glacial and early Holocene versus fitting those in the mid-to-late Holocene.

Based on our results, we conclude that a single set of Earth and ice parameters cannot fit RSL
observations all throughout deglaciation to the present time. While changing the three-layer
viscosity parametrisation to a four-layer one by adding the asthenosphere could help improve
the fits, previous tests from a near field location indicate that this solution is not likely have
a strong impact on the results. However, exploring this possibility would be a useful addition
to our results. The nature of our data-model misfits imply that an Earth model with time
dependent viscosity, such that the viscosity is weaker during large loading (stress) changes,
would be able to match the observations using a single model parameter set. Future work
should, therefore, include a more complex rheology (transient and/or non-Newtonian) that

can simulate changes in viscosity through time.

The Maine RSL data set is arguably the best paleo record available to test and constrain the
rheological component of GIA models. The dataset provides a close to continuous regional
record since ice retreated around 15 ka and is located on a passive margin so that tectonic
contributions to RSL are negligible. As coastal Maine is located in a transition zone between

the near-field and the peripheral region of a past major ice sheet, the RSL signal is large and
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complex, thus providing a stringent test for GIA models. As such, our revised dataset will
play an important role in further testing and constraining models of the GIA process,

particularly the Earth component of these models.

As the Greenland and Antarctica ice sheets are still present to this day and have entered a
deglaciation phase, GIA models are used to predict the global sea-level response at present
and into the future. Thus, the improvements in these models through their comparison with
paleo data sets will lead to better predictions of future RSL changes throughout the globe.
More specifically, predictions of the spatial variation of RSL changes related to GIA could
prove useful to implant solutions to protect coastal cities against sea-level changes and

flooding.
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