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Abstract
This interdisciplinary thesis aims to elucidate processes responsible for sea-level changes during climate events spanning the Miocene to present day, using the tools of numerical geodynamics and
theoretical geophysics. Understanding critical events in Earth’s climate history provides valuable
insight into the natural variability of ice sheets and sea level; a pressing issue for recognizing anomalous behavior and projecting future changes. In the following chapters, I evaluate the impacts of
mantle flow and crustal deformation, across a wide range of timescales, on sea-level changes, topography and ice sheet evolution of the ice-age Earth system. On timescales of millions of years, I
investigate the mantle convection process using state-of-the-art models to track perturbations in
dynamic topography and their potential link to ancient ice sheet stability. By extending models of
glacial isostatic adjustment (GIA), I capture viscoelastic processes acting on the crust and sea surface, on timescales from years to tens of thousands of years, that have been overlooked in previous
modeling.
In Chapter 1, I evaluate the role of solid-Earth processes in priming the Canadian Arctic for
glacial inception in the Northern Hemisphere ∼2.7 Ma. I present a range of model-generated dynamic topography predictions and review the geological constraints on dynamically supported topography across Baffin Island. These two independent lines of evidence suggest large scale uplift
across northeast Baffin Island, with a significant gradient in elevation change northeast-southwest.
Model-generated dynamic topography predictions show uplift of 57-88 m since 5 Ma in most sim-
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ulations. This change in elevation likely had a substantial impact on long-term trends in climate
through the Plio-Pleistocene, driving regional cooling and altering snowfall patterns.
Chapters 2-4 focus on applying and extending state-of-the-art glacial isostatic adjustment calculations to determine the gravitational and deformational signal associated with changes in sea level
in water bodies that are isolated from the global ocean. In Chapter 2, I use an approximate treatment to model sea-level changes due to oscillations in water level in the Mediterranean Sea during
the first phase of the Messinian Salinity Crisis (5.96 Ma). I show that sea-level changes at the Gibraltar Strait depart dramatically from global average sea level, affecting the connectivity between the
Mediterranean and Atlantic Ocean. I also consider a model of the cyclical flooding and emptying of
the Mediterranean driven by a competition between tectonic uplift and erosion at the Gibraltar sill.
Incorporating realistic sea-level physics significantly alters the uplift and erosion parameters that are
required to generate the periodicity evident in the stratigraphy. In particular, I find that a tectonic
uplift rate at the Gibraltar sill three times smaller than previously published, yields periodic sea-level
curve when sea-level physics is included. This revised uplift rate is in line with rates estimated by
geodynamic models appropriate for the Gibraltar arc.
In Chapter 3, I present an extended ice-age sea-level theory governing gravitationally self-consistent,
spatio-temporal sea-level changes within an ocean-plus-lake system intermittently connected by
water flux across a sill. This new framework advances previous treatments by allowing water to redistribute within and across the two water bodies in a gravitationally-self consistent manner without pre-defining flood volumes or geometry. I illustrate the new theory using case studies of Black
Sea flooding during the last deglacial phase and sea-level fall in the Mediterranean Sea during the
Messinian Salinity Crisis. These examples demonstrate the importance of including the geophysical
feedbacks associated with sea-level change in an isolated basin in the dynamics of both flooding and
desiccation. In Chapter 4, I apply this extended sea-level theory to an idealized Earth system to explore sea-level feedbacks on megaflooding events. I vary both the ratio of ocean-to-lake size and the
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effective height of water breaching the sill to constrain which scenarios experience strong positive
feedbacks that result in complete flooding of the lake within a short period. My preliminary findings suggest that the timescale of flooding for events caused by sill breach from the global ocean - for
example the reflooding of the Mediterranean during the Messinian Salinity Crisis, and the periodic
flooding of the Black Sea, Red Sea and Persian Gulf within the Pleistocene ice-age cycles - will be
limited only by the efficiency of water flux across the sill.
In a final chapter, I focus on solid-Earth deformation associated with modern ice-mass loss from
ice sheets and glaciers. I show that the fingerprint of melting ice from the Greenland and Antarctic
ice sheets and mountain glaciers is not limited to glaciated areas, but is characterized by a global
pattern of 3-D crustal deformation. I compute “far-field” vertical and horizontal deformation rates
that occurred in response to 21st century mass flux between these areas and the ocean. Both the
Greenland Ice Sheet and high latitude glacier systems each generated average crustal motion of 0.10.4 mm/yr across much of the Northern Hemisphere, with significant year-to-year variability in
magnitude and direction. Horizontal motions associated with melting exceed vertical rates in many
far-field areas, and thus both should be considered in future analysis of GNSS measurements.
Taken together, this thesis aims to deepen our understanding of the role of solid-Earth processes
on sea-level change and ice sheet stability, and advance numerical modeling techniques to account
for these interactions.
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Introduction

Climate change across the ice age, and the accompanying variations in sea level, are often considered
to be gradual processes, paced, in large part, by Milankovitch cycles. However, the ice-age Earth was
subject to numerous critical climatic events. This thesis is concerned with several of these events,
including the rapid growth of ice sheets in regions previously ice free, dramatic flooding events,
and global 3-D crustal deformation rates induced by anthropogenically-driven ice-mass flux. These
events are characterized by mass redistribution within the Earth’s mantle and perturbations in the
Earth’s gravitational field spanning time scales ranging from millions of years to decades. I adopt,
or extend, existing geodynamic models to deepen our understanding of the processes that drive
them. On the longest of these time scales, I use convection modeling of viscous mantle flow to track
changes in topography induced by upwelling and downwelling mantle flow. I establish a new, stateof-the-art ice-age sea-level theory that accounts for viscoelastic deformation of the solid Earth, to
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model flooding of previously isolated lakes on thousand-year timescales. Finally, I model elastic deformation within the Earth’s crust induced by modern day melting of polar ice sheets and mountain
glaciers.
The Pleistocene was characterized by sea-level cycles reflecting the growth and decay of ice sheets
across the high latitude regions of the Earth. However, the inception of glaciation in the Northern
Hemisphere, which is thought to have occurred in Baffin Island ∼2.7 Ma, is poorly understood.
Chapter 1 of this thesis attempts to untangle the mechanisms responsible for the initiation and
expansion of the Laurentide Ice Sheet across Arctic Canada in the early Pleistocene. Historically,
models that incorporate insolation changes due to orbital variations or a range of tectonic drivers of
climate change, have failed to simulate patterns of ice expansion in the Northern Hemisphere (e.g.
Lunt et al., 2008). I follow the lead of Daradich et al. (2017) and Steinberger et al. (2015) who examined the role of long-wavelength, long-timescale solid-Earth processes in priming North America
and Greenland for glacial inception. Specifically, I perform a range of mantle convection simulations to predict dynamic topography across the Canadian Arctic, and compare and validate these
predictions with published observations from the geological record, to suggest that uplift may have
played a role in regional cooling and changes in precipitation on Baffin Island.
Chapters 2-4 explore deformation of the solid Earth and perturbations in the gravity field associated with redistribution of ocean water across Earth’s surface. The theory of ice-age sea-level
variations has a long history in the literature that dates back half a century (e.g. Farrell & Clark,
1976; Lambeck & Nakada, 1990; Kendall et al., 2005). These chapters of the thesis involve a major extension of this theory, to model sea-level changes that occur in isolated ocean basins or lakes
that become disconnected from and reconnected with the global ocean. Chapter 2 serves as a proof
of concept, using an approximate treatment of the standard sea-level equation to gain insight into
the dynamics of the Messinian Salinity Crisis. The Messinian Salinity Crisis (5.96 to 5.33 Ma) was
one of the most extraordinary periods of sea-level change in recent geologic history, in which the

2

Mediterranean Sea became disconnected from the Atlantic Ocean, likely driven by tectonic uplift at
the Gibraltar sill. During the first stage of the crisis, the Mediterranean basins experienced periods of
significant sea-level fall, recorded in regional stratigraphy as multiple phases of evaporite deposition
(e.g. Rohling et al., 2008). One hypothesis for the mechanism that produced these sea-level cycles is
a competition between tectonic uplift and erosion at the sill, with erosion dominating during periods of low Mediterranean sea level and uplift dominating during basin filling, that drives oscillations
in sill height (Garcia-Castellanos & Villaseñor, 2011). In Chapter 2, I calculate the magnitude of
spatially varying sea-level changes associated with the cyclic Mediterranean flooding and explore
the sensitivity of predicted sea-level change at Gibraltar sill. I also couple the sea-level calculation
with the tectonic uplift and erosion model of Garcia-Castellanos & Villaseñor (2011) to explore the
impact of sea-level physics on tectonic uplift and erosional parameters.
Building on the insights in Chapter 2, in Chapter 3 I extend the ice-age “sea-level equation’’ to
incorporate gravitationally self-consistent sea-level changes within an ocean-plus-lake system that is
intermittently connected by mass flux across a sill. This new theory advances previous approximations by allowing water to redistribute according to changing gravitational field and crustal height
within the lake as water moves through the cryosphere and ocean system. The new formalism allows
for evaporation while the lake is isolated from the ocean, and provides the first gravitationally-self
consistent representation of flooding without pre-defining flood volumes or geometry. The framework is composed of three parts: (1) one global ocean, in which mass transfer may occur between ice
sheets and the global ocean; (2) an ocean and lake separated by an exposed sill, in which mass transfer may occur between ice sheets and the global ocean, and between the ocean and lake via evaporative flux; and (3) transitional phases between these two states, when the ocean surface reaches the
height of the sill from below (i.e., the sill is breached) or above (the sill is exposed). We illustrate the
new theory using examples from the Black Sea flooding during the last deglacial phase and sea-level
fall in the Mediterranean Sea during the Messinian Salinity Crisis.
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Chapter 4 applies the extended sea-level theory developed in Chapter 3 to further examine the
dynamics of megaflooding. Here, I explore feedbacks in sea-level physics that can lead to self-perpetuation
of flooding events. Specifically, once flooding initiates, the water load acts to depress the crust and
gravitationally attract water from the open ocean, and both effects raise sea level at the sill. More
water then becomes available to overtop the sill and a positive feedback loop is generated. Chapter
4 uses simulations on an idealized Earth to map out parameters controlling flood self-perpetuation.
Varying the ratio of ocean-to-lake size and initial water height above the sill (in the ocean) allows us
to place bounds on the strength of the sea-level feedback for given flooding scenarios, by calculating
a “potential flood height” that determines what depths of lake would completely fill in a very short
time after the onset of sill breach. Mapping out this parameter space provides insight into the fate
of multiple megafloods during the last deglaciation, including the reflooding of the Black Sea, the
Caspian Sea, and the Persian Gulf.
Moving forward in time to the modern era, Chapter 5 focuses on solid-Earth deformation associated with recent ice-mass loss from the Greenland and Antarctic Ice Sheets and mountain glaciers.
As mass loss has accelerated into the 21st century, many studies have focused on assessing regional
changes in sea level and monitoring crustal deformation at sites proximal to mass changes. In Chapter 5, I show that recent mass redistribution from land ice to the ocean has an impact on 3-D crustal
motion far from the region of melting. I predict time varying global fields of 3-D crustal deformation induced by recent melting of polar ice sheets and glaciers. My predictions show that vertical and
horizontal motions produced by melting of Greenland and Arctic glacier systems likely introduce a
previously unmodeled, systematic bias in Northern Hemisphere GNSS observations.
Finally, in Chapter 6, I summarize the main findings in the thesis, and consider possible future directions stemming from this body of research that may further deepen our insight into interactions
between the solid-Earth, oceans and cryosphere.
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1

Dynamic Topography Across the Canadian

Arctic and Implications for Plio-Pleistocene
Climate

1.1

Introduction

The two strands of Earth science that merged to define the theory of plate tectonics, continental
drift and sea-floor spreading, reflect the early focus within the discipline on horizontal surface motions. Even the extremes of topography - high mountain belts and deep sea trenches - were seen in
A version of this chapter is in preparation as a manuscript coauthored with Mark Hoggard, Jacqueline
Austermann, Fred Richards, Jerry X. Mitrovica and Sia Ghelichkhan to be submitted to Earth and Planetary
Science Letters.
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that context as resulting from deformation forced by these horizontal plate motions. However, thermochemical convection in the Earth’s rocky mantle, which is the ultimate driving force for plate
tectonic motions, also generates time-dependent, kilometer scale vertical motions of the Earth’s surface that have come to be termed dynamic topography (Pekeris, 1935; Hager et al., 1985; Mitrovica
et al., 1989; Gurnis, 1990). Efforts to isolate this signal in present-day topography involve the correction of observed topography for the isostatically compensated component of topography. The
latter, “crustal correction” yields so-called residual topography, a term used interchangeably with
dynamic topography.
The presence of time varying dynamic topography has been inferred in the geological record regionally and globally using a multitude of methods. For example, in continental environments, the
stratigraphic record of basin evolution has served as a primary constraint on dynamic topography
through geological time (e.g. Holt & Stern, 1994; Mitrovica et al., 1996; Gurnis et al., 1998; Pysklywec & Mitrovica, 1999; DiCaprio et al., 2009; Daradich et al., 2002; Zahirovic et al., 2016). Moreover, undulations in ancient planation surfaces have been used to constrain the dynamic topography
signal across Africa (Guillocheau et al., 2018) and long wavelength uplift across West Greenland
and large areas of Eastern Canada (e.g. Japsen et al., 2006, 2016). Analyses of seismic reflection data
on continental shelves have allowed authors to estimate dynamic topography on the Indian peninsula (Richards et al., 2016) and the Australian coast (Czarnota et al., 2013), as well as at global scale
Hoggard et al. (2017). Numerous studies have inferred vertical crustal rates using changes in river
profiles and drainage systems (e.g. Roberts & White, 2010; Shephard et al., 2010; Faccenna et al.,
2019), and, finally, observations of some sea-level markers such as drowned or tilted coral reef terraces have been explained by patterns of dynamic topography and used to estimate vertical motion
(e.g. DiCaprio et al., 2010; Stephenson et al., 2019).
Predictions of dynamic topography through time can be computed from mantle convection
simulations which use estimates of present-day mantle density structure derived from seismic to-

6

mography and/or subduction history and plate motions. Dynamic topography is then calculated
from normal stresses at a fixed surface, or by tracking the motion of a free surface. Most simulations
of this type use backwards advection schemes. These calculations begin with present day mantle
density structure and move backward through time by solving the governing equations for mantle
convection with reversed gravity, and assimilate a plate velocity model for surface boundary conditions (e.g Conrad & Gurnis, 2003; Moucha et al., 2008). A limitation of this methodology is that
since thermal diffusion cannot be simply reversed, it is neglected. Alternatively, mantle convection
can be approached as an inverse problem using the adjoint method, in which an initial condition is
refined by iteratively solving the forward and backward adjoint equations and minimizing a misfit
function (usually between present-day seismic tomography and a predicted temperature structure)
(e.g. Bunge et al., 2003; Liu & Gurnis, 2008; Ghelichkhan & Bunge, 2021). These methods are
significantly more computationally expensive than backward advection; the two approaches are
described and compared in detail in the review of Flament et al. (2013).
As observations of dynamic topography have increased and numerical modeling of thermochemical convection has improved, a new direction of research targeting outstanding issues in ice-age
paleoclimate has emerged (Mitrovica et al., 2020). Several recent studies have focused on disentangling the changes in elevation generated by dynamic topography from long term sea-level variations
(e.g. Conrad, 2013; Rowley et al., 2013; Austermann et al., 2017; Stephenson et al., 2019; Richards
et al., 2020a). Others have shown that accurately reconstructing bedrock topography by correcting
for changes in dynamic topography is essential for assessing the stability of marine-based ice sheets
during periods of relative ice-age warmth (Gomez et al., 2010; Austermann et al., 2015). Finally, the
absolute elevation of ice sheets and glaciers is directly proportional to temperature (and therefore
ablation rates), and snowfall patterns can be strongly influenced by variations in topography.
An important, enigmatic problem in ice-age paleoclimate involves what led to the inception of
Northern Hemispheric ice ∼2.7 Ma, when the Laurentide Ice Sheet began to grow from snow cover
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persisting year-round in high elevation regions of the Canadian Arctic. The analysis of deep-sea
sedimentary core records established the presence of major continental ice sheets in the Northern
Hemisphere beginning 3.4-2.4 Ma (Shackleton et al., 1984; Jansen et al., 1990; Haug et al., 1999;
Mudelsee & Raymo, 2005). But, while there is reasonable consensus on the timing of the onset of
glaciation, the exact driver of this glacial inception remains elusive. General circulation models, coupled ocean-atmosphere models and ice sheets models which apply climate perturbations generated
by a number of large-scale tectonic processes proposed to be drivers of the glacial inception (e.g.
Ruddiman & Kutzbach, 1989; Raymo & Ruddiman, 1992; Keigwin, 1982; Haug & Tiedemann,
1998; Cane & Molnar, 2001; Philander & Fedorov, 2003), have either failed to simulate the patterns
of snow expansion present in the geological record, or required artificial cooling to begin glaciation
(Lunt et al., 2008; Jochum et al., 2012; Birch et al., 2017).
Recent studies have begun to examine the role of long-timescale solid-Earth processes in pushing
the climate system to a more favorable state for ice growth in regions of glacial inception. Daradich
et al. (2017), following Donn & Shaw (1977), argued that true polar wander (TPW), the motion of
the Earth’s rotation axis relative to the surface, and continental drift have moved the North American continent to increasingly high latitudes over the last 40 Myr. This change in latitude had the
effect of cooling local climate in Baffin Island and priming it for glacial inception. Solgaard et al.
(2013) argued that two phases of large scale uplift (beginning ∼10 Ma and ∼5 Ma), inferred from
peneplanation surfaces and relative dating of exhumation (Bonow et al., 2006; Japsen et al., 2006),
raised the topography of the Greenland mountains. This process produced an orographicallyinduced increase in precipitation and cooling of surface temperatures allowing ice to initiate during
both of these periods. Using geodynamical modeling, Steinberger et al. (2015) posited that a combination of TPW, continental drift and dynamic topography preconditioned glacial inception in
Greenland at ∼3 Ma. Specifically, they reconstructed changes in dynamic topography since 5 Ma
using a backward advection framework with a suite of density and viscosity models. Their predic-
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tions yielded uplift on the order of ∼60 m/Myr along the eastern coast of Greenland, and therefore
regional cooling of surface temperatures since 5 Ma.
There is confounding evidence on the geographic location and synchronicity of the onset of
Northern Hemispheric glaciation ∼3 Ma. Geomorphological studies (e.g. Bierman et al., 2016;
Pedersen et al., 2019) and analysis of ice rafted debris records from off-shore Greenland (e.g. Larsen
et al., 1994; Tripati & Darby, 2018) suggest minor glaciation may have occurred in Southern Greenland as early as ∼7 Ma. However, widespread, full ice sheet growth likely did not occur until after
∼2.5 Ma (Bierman et al., 2016; Pedersen et al., 2019), beginning from gradual accumulation in the
southeast of Greenland (Contoux et al., 2015). Glaciation across Baffin Island may have occurred
prior to this time. Hall & King (1989) observed the appearance ice-rafted debris in Baffin Bay at
∼3.4 Ma, based on rock-magnetic stratigraphy of Ocean Drilling Project core 645. Cosmogenic nuclide analysis of till and regolith beneath glaciers in Northern Baffin Island suggest the area has been
under continuous glacial cover for over 3 million years (Staiger et al., 2006). Moreover, Birchfield
et al. (1982) used climate modeling to argue that the high elevation in parts of Baffin Island made
the area susceptible to glacial inception by increasing the local sensitivity to insolation forcing. Finally, both sediment core records (Clark et al., 1993) and high-resolution, regional climate modeling
(Birch et al., 2017), suggest that Baffin Island was the inception site for North American glaciation
at the end of the Last Interglacial (∼116 ka).
Despite an expanding number of observational constraints on dynamic topography and improved modeling techniques, dynamic topography across the Arctic remains poorly constrained
(Shephard et al., 2014), especially during the Plio-Pleistocene. In this study we present a range of
model-generated dynamic topography predictions for the Canadian Arctic. We also review the geological constraints on dynamically supported uplift across Baffin Island. Using these constraints,
we deduce the potential impact of changing topography on long-term trends in climate through the
Plio-Pleistocene and the initiation of ice cover in the Northern Hemisphere.
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1.2

Methodology

We begin with backward advection techniques, building from the methodology of Austermann
et al. (2017) and models developed for the study of Mitrovica et al. (2020). We then compare the dynamic topography (henceforth, DT) predictions generated using this method with those generated
from the adjoint techniques of Ghelichkhan & Bunge (2021).

1.2.1 Backward Advection
Our backward advection-based dynamic topography predictions are generated from convection simulations using the finite-element ASPECT (Advanced Solver for Problems in Earth’s ConvecTion)
code. ASPECT solves the coupled equations governing conservation of mass, momentum, and
energy in a compressible, momentum free mantle (Bangerth et al., 2018, 2020; Kronbichler et al.,
2012; Heister et al., 2017). Mantle convective flow is driven by buoyancy (lateral density) variations,
which are inferred from a mapping between perturbations in seismic velocity and density, and are
resisted by the viscosity of mantle material. To predict DT changes in the past, we run ASPECT
backwards in time from present-day conditions to 5 Ma, by reversing the sign of gravity and ignoring diffusion across boundary layers. The time varying normal stresses at the upper boundary of the
model are then mapped into changes in surface topography.
We generate initial predictions using four whole-mantle density models in the convection simulation, following the approach of Austermann et al. (2017). Two of these are based on shear-wave
velocity models S40RTS (Ritsema et al., 2011) and Savani (Auer et al., 2014). Density perturbations are calculated from shear-wave velocity perturbations using a depth dependent scaling (Steinberger, 2016) based on constraints from mineral physics and an assumption that density variations
are purely due to temperature variations (i.e. compositional differences are negligible). Radial viscosity profiles for these models are chosen to minimize the misfit of predictions to heat flux, long
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wavelength geoid harmonics and present-day DT. An alternate model for density, TX2008V1-2,
is derived from simultaneously inverting shear wave tomography and multiple convection related
observations for mantle density variations (Simmons et al., 2009). These observations include the
global free air gravity field, plate velocities, present day DT and excess ellipticity of the core mantle
boundary (Simmons et al., 2009). The two different viscosity profiles (V1 and V2) matched with
the TX2008 model are derived from a joint inversion of the convection observations and glacial
isostatic adjustment data (Mitrovica & Forte, 2004; Forte et al., 2010). For each of the four models, density variations in the upper 200 km of the Earth are excluded, since compositional variations
in crustal material introduce errors when using a simple linear scaling from shear-wave velocity to
temperature and density.
Although these whole-mantle density models give a general sense of the potential magnitudes of
past dynamic topography in this region, they have relatively low spatial resolution, and so may not
provide an accurate prediction of local DT variations on the spatial scale of Baffin Islands (i.e. a few
hundreds of kilometers). Furthermore, comparison studies have shown that different global seismic
tomography models are best correlated at long wavelengths, meaning short wavelength structures
may not be resolved (Becker & Boschi, 2002; Root, 2020). We have constructed three additional
Earth models utilizing high resolution upper mantle shear-wave tomography models in combination with the whole-mantle models described above. Specifically, we adopt the global upper mantle
and transition zone shear-wave speed model of Schaeffer & Lebedev (2013) (SL2013sv) combined
with the regional North America model of Schaeffer & Lebedev (2014) (SL2013NA). The latter
is calculated via inversion of the same global seismic data sets as SL2013sv, meaning the two can be
combined without introducing non-physical structure. SL2013NA also contains US Array data
and is characterized by higher resolution across most of the North American continent. The Schaeffer and Lebedev models have been adopted by several recent studies of dynamic topography (e.g.
Steinberger, 2016; Richards et al., 2020b), and shear wave velocity anomalies in the Canadian Arctic
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region are consistent with patterns evident in other tomography models (e.g. Debayle et al., 2016).
This upper-mantle tomography model is then combined with lower mantle structure associated
with the three whole-mantle models within ASPECT, S40RTS (Ritsema et al., 2011), Savani (Auer
et al., 2014) and TX2008V1-2 (Simmons et al., 2009). In these three models, density variations in
the upper 250 km of the mantle are excluded, reflecting the thick continental craton present across
Canada. Further work to improve our treatment of the lithosphere for this geographic area is ongoing, see Appendix A. For each of these models we adopt the viscosity profiles paired with the global
density models, as listed above. All configurations described are run with model resolution of 22
km radially and 50 km tangentially at the surface. Tests doubling this resolution yielded negligible
difference in results.
In all backward advection simulations a free-slip boundary condition is applied at the coremantle boundary and the boundary condition at Earth’s surface is prescribed by present-day plate
velocities given by Seton et al. (2012). Depth varying thermal conductivity, thermal expansivity and
heat capacity profiles are adopted from Glišović & Forte (2015) and temperature follows an adiabat.
We also adopt the radially varying gravity profile of Glišović & Forte (2015).
The convection simulations output a radial stress field at the top of the domain. DT is calculated
as the compensation height that balances these stresses (σrr ):
DT =

σrr
Δρ.g

(1.1)

Where Δρ is the density contrast between the crust and overlying material, e.g. sediments, water or air (Austermann & Mitrovica, 2015), and g is Earth’s gravity. We use plate rotations from
GPLATES (Seton et al., 2012; Müller et al., 2018), along with plate outlines given by Bird (2003)
to translate the dynamic topography field from each time step into it’s present day coordinates. To
determine changes in topography, i.e. rates of uplift/subsidence, we calculate the difference between
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the rotated fields.

1.2.2 Adjoint Methods
The forward and inverse adjoint methods used to predict past DT are described in detail in Ghelichkhan & Bunge (2021), with the models presented herein corresponding to RM-FM-SL and
RM-SC-SL in Table 2 (Ghelichkhan & Bunge, 2021). The forward method solves the coupled
equations governing conservation of mass, momentum, and energy for an anelastic liquid (Jarvis
& Mckenzie, 1980) using the finite-element mantle convection code TERRA (Bunge & Baumgardner, 1995). The model is run from 50 Ma to present day (though we only consider the last 5 Myr
below), with a model grid resolution of 11 km radially and 14 km tangentially at the surface. Once
again, a free slip boundary condition is applied at the core-mantle boundary, and plate velocities are
prescribed at the surface using a plate motion history model (Müller et al., 2016) converted to velocity vectors using GPLATES (Müller et al., 2018). The past mantle state at 50 Ma is reconstructed
by minimising the misfit function given by the difference between the computed temperature at
the end of the advection simulation and “observed” mantle temperature at present-day estimated
from seismic tomography. Instead of using a classical gradient method to minimise the misfit function, which employs a line search to determine optimization step, the method of Ghelichkhan &
Bunge (2021) decreases the optimization step through time to reduce computational expense (Ghelichkhan & Bunge, 2016, 2018). The problem converges as the misfit function begins to flatten,
typically anywhere from after 7 to 14 iterations.
The present-day temperature structure is calculated from seismic tomography models in a similar
manner to that in Section 1.2.1. Specifically, shear-wave speed in the uppermost mantle is given by
the tomography model SL2013sv (Schaeffer & Lebedev, 2013), and for depths greater than 400 km,
the shear-wave tomography model of Simmons et al. (2015) (LLNL-G3D-JPS) is adopted. Shearwave speed is mapped to temperature taking into account constraints from mineral physics. This
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temperature structure is paired with two viscosity profiles: V2 (Mitrovica & Forte, 2004), introduced in Section 1.2.1, and SC-2006 (Steinberger & Calderwood, 2006), which tunes mineralogical
parameters of activation energy to fit geoid constraints. This choice of viscosity structure provides
consistency with the shear-wave speed/density structure as they both use similar geophysical constraints (Forte et al., 2010; Simmons et al., 2015). At each time step, dynamic topography is calculated from the mantle density structure using a spectral approach (Hager et al., 1985; Corrieu et al.,
1995). The method uses the radial viscosity profile to compute a series of depth-dependent sensitivity kernels that vary as a function of spherical harmonic degree. DT is computed by converting the
density structure as a function of depth into spherical harmonics and convolving it with each of the
associated sensitivity kernels.

1.3

Dynamic Topography Predictions

Figure 1.1 shows the range of dynamic topography predictions generated by our whole-mantle
tomography-based models. Three of the four predictions show uplift across the northern tip of
Baffin Island, with peak magnitudes ranging from 57-88 m uplift over the last 5 Myr. These three
predictions also show a significant north-south gradient in elevation changes. The S40RTS-based
model, however, shows large scale subsidence on the order of 20-65 m across the region. Predictions
generated by combining these whole-mantle models with the upper mantle shear-wave tomography
models of Schaeffer and Lebedev (Schaeffer & Lebedev, 2013, 2014), are shown in Figure 1.2. The
three combined models also show uplift across northern Baffin Island and the Nunavut and Inuit
Arctic Islands, with peak uplifts of 60-70 m. Again, a large gradient in elevation change is present
with subsidence predicted over central and southern Baffin Island. Figure 1.2b demonstrates the
consistency between the three combined models; they each produce similar spatial patterns of dynamic topography, with the TX2008-V1-based model producing slightly larger amplitudes in both
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Figure 1.1: Predictions of dynamic topography change since 5 Ma based on the backward advection method
for four whole-mantle density models inferred from shear-wave tomography, surface observables related to
mantle convection and observations of glacial isostatic adjustment (top row; see text).

uplift and subsidence. The majority of our whole-mantle tomography-based backward advection
simulations predict subsidence across the northern portion of Quebec, as well as Labrador and
across Greenland. In contrast, SAVANI and the combined models show localized areas of uplift
in northern Quebec/Labrador and western Greenland.
The dynamic topography predictions generated using the adjoint simulations of Ghelichkhan
& Bunge (2021) are shown in Figure 1.3. Despite adopting the same seismic topography models
(LLNL-G3D-JPS and SL2013sv) to calculate present-day temperature conditions, the two models show significant differences in the spatial pattern of predicted topography change since 5 Ma.
The right panel, in which we adopt the depth-dependent viscosity profile of (Steinberger & Calderwood, 2006), shows a higher degree of correlation with backward advection models, predicting a
zone of uplift across northern Baffin Island and Nunavut and Inuit Arctic Islands, with peak amplitude reaching ∼60 m. This model also shows localized uplift in southern Baffin Bay. On the
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Figure 1.2: Predictions of dynamic topography change since 5 Ma based on the backward advection method
for upper mantle density structure inferred from the shear-wave tomography of Schaeffer & Lebedev (2013,
2014). In the lower mantle, the density structure is given by one of three global mantle models shown in
Figure 1.1. a) Spatial variation of topography change since 5 Ma for S40RTS based model (Ritsema et al.,
2011), highlighting a NW-SE transect across Baffin Island. b) Elevation change across the transect shown in
frame A for the three models considered (see text).

contrary, the model which utilizes the viscosity profile of Mitrovica & Forte (2004) in the forward
problem predicts large scale subsidence on the order of 0-65 m across the Baffin Island region, and
widespread uplift over Hudson Bay, the Labrador Sea and eastern Greenland.
Clearly, a variety of DT solutions are possible depending on the chosen inputs, with the choice
of seismic tomography model playing a dominant role. The S40RTS tomography model is characterized by long wavelength features - i.e., a reduced magnitude of short wavelength anomalies - that
arises from the significant damping applied in constructing the seismic model (Becker & Boschi,
2002; Root, 2020). The SAVANI tomography model has adaptive resolution, from 1.25◦ -5◦ , that
reflects the data sampling, with the Arctic region being a relatively low resolution area (Auer et al.,
2014). Although the TX2008 model combines shear-wave speeds with a range of other geodynamic
constraints, such as the global free-air gravity field, tectonic plate motions, present day DT and excess ellipticity of the core-mantle boundary (Simmons et al., 2009), it is nevertheless characterized
by spatial resolution of ∼250 km in the shallow mantle and at the surface. The Schaeffer and Lebedev (Schaeffer & Lebedev, 2013, 2014) and LLNL-G3D-JPS (Simmons et al., 2015) models offers
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& Calderwood, 2006) viscosity profiles, as labelled.

significant improvement in resolution compared with the older whole-mantle tomography models such as S40RTS; SL2013sv has global resolution of ∼300 km, and the resolution of the North
American component, SL2013NA, is ∼100-200 km. These models also require less regularization
in their construction (Root, 2020).
Figures 1.1-1.3 involve a relatively broad range of DT predictions across Northeastern Canada
and Baffin Bay. As noted above, the main disadvantage of the adjoint method is its computational
cost, however that cost yields several significant advantages. Thermal diffusion is parameterized in a
more physically realistic way than in the backward advection calculation. Moreover, the present-day
thermal structure of the mantle is used to optimize the end solution of the convection simulation,
rather than acting as an initial condition for processes that, in reality, are not fully time reversible.
Finally, backwards advection calculations, though widely used (Braun, 2010), can suffer from transient behavior across the initial stages of the simulation, which includes the past ∼3 Ma of interest
in this study.
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1.4

Geological Evidence for Elevation Changes

Much of the uplift and subsidence occurring across Eastern Canada and the Canadian Arctic during the Plio-Pleistocene (5 Ma - present) can be attributed to long-wavelength mantle processes and
erosion rather than active tectonics, since there is no geological evidence for tectonic activity since
the cessation of sea-floor spreading in the Labrador Sea and Baffin Bay ∼35 Ma (McGregor et al.,
2014). The effect of glacial isostatic adjustment is also likely small during the Pliocene as there were
no major ice sheets in the Northern Hemisphere prior to Northern Hemispheric glacial inception
∼2.7 Ma.
Eastern Greenland and Baffin Island’s coasts are characterized by elevated plateaus associated
with uplift and exhumation. Stratigraphy shows multiple phases of uplift around Baffin Bay caused
by thermal buoyancy of rifted continental margins and the isostatic response of crustal thickening
during the Cenozoic (Eyles, 1996). While present-day uplifted topography in West Greenland was
originally assumed to have formed at the time of rifting (36-30 Ma), recent studies have identified
two subsequent episodes of uplift (11-10 Ma and 7-2 Ma) that shaped the landscape (Japsen et al.,
2006; Bonow et al., 2006). This series of events is evident in changes in peneplanation surfaces (or
horizontal plains that form due to rock eroding to base level during a period of uplift), and apatite
fission-track dating. Initial uplift at the time of rifting led to the development of a widespread peneplanation surface across West Greenland. The second episode of uplift then elevated and tilted this
surface, re-exposing it from beneath older rock cover, and initiated the formation of a second peneplanation surface. Both peneplanes were then lifted to their present-day elevations during the final
stage of uplift 7-2 Ma (Japsen et al., 2006). However, these various studies do not identify a specific
tectonic trigger, though they argue that uplift is not associated with any known rifting event.
Peneplanation surfaces of a similar nature, that have been tilted from their original horizontal
state, are also present across Baffin Island and the Labrador coast. Bostock (1972) documents a
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broad, gently warped, old erosion surface that dominates the landscape in central Baffin Island. Bird
(1967) and Dyke et al. (1982) describe two major peneplanation surfaces that are well represented
on the Cumberland Peninsula (the southeastern tip of Baffin Island). These surfaces slope gently
westward in the north of Baffin Island, and south-westward in the south (from ∼3000 ft. elevation
near Barnes Ice Cap to around sea level near Foxe Plain, in the south west; Bostock, 1972). This tilt
is also clearly present across the Cumberland, Hall and Frobisher Peninsulas - the southern-most
three fingers of Baffin Island, east to west (Dyke et al., 1982; Bostock, 1972). A south-westward
tilted peneplanation surface can be clearly identified in topographic maps and cross-sections of the
area.
Unlike the west coast of Greenland, the ages of formation and uplift of these surfaces are largely
conjectural, however, early studies suggest uplift occurred some time during the ∼40 million years
between the formation of the peninsulas and the Pleistocene glaciations, since rivers eroded large
valleys (Dyke et al., 1982). Analysis of cosmogenic nuclide data from the Cumberland Peninsula
yields erosion rates of up to 18 m/Myr over the past 2.5 Ma (Margreth et al., 2016), however this
may not directly correlate with uplift. Limited apatite fission track dating of exhumation has been
performed in south-east Baffin Island, though on much longer timescales than are relevant for this
study (up to 440 Ma). These give exhumation rates of 7-20 m/Ma (McGregor et al., 2013; Creason,
2016).
A final potential constraint on dynamic topography comes from analyzing the spatial pattern of
present-day dynamically supported highs and lows. Hoggard et al. (2017) present global maps of
residual bathymetry; results for a sequence of sites in the Baffin Island region are shown in Figure
1.4. Red colors denote a positive anomaly in Baffin Bay. Although these results provide evidence
that Baffin Bay is dynamically uplifted, they do not constrain the sign of the present-day rate of
change of topography.
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Figure 1.4: Residual topography across Baffin Bay with sedimentary and crustal corrections applied. Reproduced from Hoggard et al. (2017). Reds denote present day highs, blues denote lows.

1.5

Implications for Long-Term Trends in Plio-Pleistocene Climate

Although the magnitude and spatial extent are not fully constrained, the DT predictions and geologic context detailed above give two independent lines of evidence for large scale uplift across
north-east Baffin Island. The ongoing uplift over the last several million years has likely had a significant effect on local climate, influencing the timing and location of ice sheet growth. Glacial mass
balance is governed by the rate of ice/snow accumulation and the rate of ablation, both of which
are dependent on absolute elevation and patterns of topography. Ablation at a given site is directly
related to surface temperatures, which are linearly proportional to elevation, and this means a simple estimate of surface temperature change can be calculated using this proportionality. Adopting a
lapse rate of 5.6°C/km, taken from studies of ice sheet formation in this region (Kleman et al., 2013;
Daradich et al., 2017), indicates that an 80 m increase in elevation since 5 Ma will produce a 0.45°C
drop in temperature since 5 Ma. This temperature drop is comparable in magnitude to the tempera-
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ture change between 1979-2010 (Foster & Rahmstorf, 2011), during which the Greenland Ice Sheet
experience mass loss of ∼2790 Gt, or ∼7.75 mm equivalent sea level (Mouginot et al., 2019).
The relationship between changes in elevation and changes in accumulation via precipitation
is more complex. Some studies suggest that precipitation can be assumed to increase linearly with
elevation until some maximum precipitation plateau is reached due to an “elevation desert effect”
where temperature becomes too low for precipitation to form (e.g. Oerlemans, 1989). However,
analysis of present-day precipitation data for the Canadian Arctic region does not show a linear relationship between elevation and precipitation. Both DT predictions and geological evidence indicate
that there is a significant gradient in the long-term rate of change of topography across the island,
which will also presumably play a role in altering precipitation patterns. In fact, studies of present
day ice-mass changes in the Baffin Island ice caps (in particular Barnes Ice Cap, the final remnant
of the Laurentide Ice Sheet in central Baffin Island) suggest that accumulation in the region may be
particularly sensitive to changes in climate due to the narrow elevation range the accumulation zone
covers (Gardner et al., 2012; Gilbert et al., 2017). Thus, small changes in topography may lead to
non-linear changes in ice mass balance.

1.6

Summary and Outlook

Simulations of dynamic topography based on a suite of modeling methodologies and data sets predict uplift in Northern Baffin Island with peak magnitudes ranging from 57-88 m since 5 Ma. In
particular, 5 out of the 7 calculations presented here show a localized region of uplift at the northern tip of Baffin Island and subsidence in the south, extending west over Hudson Bay. Tilting
(northeast-southwest) across the island is supported by the presence of uplifted and tilted peneplanation surfaces documented in the geological record across central and southern Baffin Island,
although a rigorous connection between our predictions and these geological features is conjectural
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given the lack of geochronological control on these surfaces. Across Greenland, several models presented in this study show good agreement with those of Steinberger et al. (2015), predicting uplift
beneath Eastern Greenland. Although the flow mechanism driving uplift of northern Baffin Island
cannot be unambiguously identified from the seismic tomography models, hot upwelling flow may
be associated with remnants of a mantle plume, and/or the lateral spreading of material from the
Greenland-Iceland plume beneath Baffin Bay (e.g. Gill et al., 1995; Funck et al., 2007; Peace et al.,
2017).
Regardless of the mechanism, we posit that uplift in northern Baffin Island and the significant
northeast-southwest gradient in elevation change across central and southern Baffin Island, predicted in most of the DT simulations described here and inferred from the geological record, likely
had a substantial impact on cooling regional climate and altering snowfall patterns over the last 5
million years. We speculate that this process, acting in tandem with true polar wander and continental drift (Daradich et al., 2017), primed Baffin Island as the site for the inception of the Laurentide
Ice Sheet. It is also possible that regional elevation changes, due to both DT and glacial isostatic adjustment (not explored here), influenced the geographic location of subsequent ice sheet growth
across Northern Canada during the Pleistocene.
In this context, there are at least three areas worthy of future work. First, further mapping of
peneplanation surfaces and exhumation dating of uplifted landforms on Baffin Island is required to
constrain the timing and magnitude of uplift. Second, high resolution seismic and gravity studies
focused on resolving features in the upper mantle beneath the Canadian Arctic would add insight
into the mechanisms driving the uplift. Third, regional climate modeling that accounts for both the
migration of Baffin Island northward and the time-evolving topographic gradient across the island
would reveal the extent to which these geodynamic processes altered accumulation rates across the
island.
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2

The Role of Isostatic Adjustment and
Gravitational Effects on the Dynamics of
the Messinian Salinity Crisis

2.1

Introduction

The Messinian Salinity Crisis (MSC) (5.96 to 5.33 Ma) marks a period of limited connectivity between the Mediterranean Basin and the Atlantic Ocean. Recent work suggests that both expansion
of the Antarctic ice-sheet, which lowered global sea level through the late Miocene and tectonic
uplift at the Strait of Gibraltar led to the shallowing of the strait and restriction of inflow to the
A version of this chapter was published with Tamara Pico, Jacqueline Austermann, Evelyn Powell,
Robert Moucha and Jerry X. Mitrovica in Earth and Planetary Science Letters, vol. 525, p. 115760, 2019.
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Mediterranean basin (e.g. Clauzon et al., 1996; Garcia-Castellanos & Villaseñor, 2011; Gargani &
Rigollet, 2007; Krijgsman et al., 1999; Ohneiser et al., 2015). The lack of marine fossils in Messinian
sediments and existing lithologies within the basin, which are poorly suited to magnetostratigraphic
and radioisotopic dating, have challenged efforts to date events during the MSC, adding to controversies over the mechanisms for its origin and evolution (Roveri et al., 2014).
Although the correlation between stratigraphy in shallow basins and deeper parts of the Mediterranean remains ambiguous, it is widely accepted that the events of the MSC fall into two chronologically distinct steps (Clauzon et al., 1996). The first stage saw multiple phases of deposition of
gypsum at basin margins, termed the lower evaporites, due to cycles of low amplitude sea-level fall
(Rohling et al., 2008). During the second stage, the Mediterranean basin became completely disconnected from the Atlantic, and underwent a kilometer scale sea-level fall, taking on the characteristics
of a large salt water lake (Bache et al., 2015; Clauzon et al., 1996; Krijgsman et al., 1999; Rohling
et al., 2008). This latter phase is reflected both in kilometer scale evaporite deposits in the deepest
areas of the Mediterranean basin, and in submarine canyons on the continental margins of France,
Italy, Corsica, Sardinia and North Africa sculpted by streams flowing into to the Mediterranean
basin (Bache et al., 2015; Barber, 1981; Clauzon et al., 1996; Gargani, 2004; Gargani et al., 2010).
The total thickness of the evaporite deposits from the MSC, which reach 2-3 km in some regions
of the basin, indicate that a quantity of water many times greater than the current volume of the
Mediterranean ocean must have evaporated (Blanc, 2000; Gargani et al., 2008; Hsü et al., 1973).
Initially, the Mediterranean ocean basin sustained a shallow connection with the Atlantic allowing
continuous inflow of sea water but limited outflow (Krijgsman & Meijer, 2008; Meijer & Krijgsman, 2005). The stratigraphic records of the first stage show 16-17 cycles of gypsum deposition
interbedded with shale and carbonate layers (∼100-200 m thick), which are thought to reflect cycles
of sea-level drawdown and refilling (Krijgsman et al., 1999; Rohling et al., 2008).
Various mechanisms have been proposed to explain this inferred cyclic regime of Atlantic inflow
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and evaporative Mediterranean sea-level drawdown, including orbitally-forced climate variations,
contemporaneous variability in Antarctic ice mass, and a competition between tectonic uplift and
erosion at the Gibraltar Strait.
Lugli et al. (2010) suggest the 16 gypsum cycles observed basin-wide (in Spain, Italy, Hellenic arc
and Cyprus arc) are controlled by precessional forcing, with gypsum rapidly precipitating in relatively dry climatic conditions during the precession maxima, and shales/carbonates precipitating in
the humid phase during precession minima (Krijgsman et al., 2001; Lugli et al., 2010). It is unclear
whether gypsum precipitation was synchronous across the whole basin, though there have been efforts to date various Messinian sequences using astrochronology (Clauzon et al., 1996; Hilgen et al.,
2007; Krijgsman et al., 1999).
Ohneiser et al. (2015) explore the impact of the expansion of the Antarctic ice sheet and associated glacial isostatic adjustment on the events of the MSC, suggesting that short-period global
sea-level fluctuations above and below the level of the Gibraltar Strait, driven by Antarctic ice volume fluctuations, may have periodically isolated the Mediterranean and therefore generated cycles
of evaporite deposition.
Gargani & Rigollet (2007) and Garcia-Castellanos & Villaseñor (2011) attribute the cyclic pattern in Mediterranean sea-level to a competition between tectonic uplift at the Gibraltar and Sicily
sills and erosional deepening of the seaways by water inflow. Periods of isolation from the Atlantic
ocean, when evaporation dominated, are observed both in evaporite deposition, and as multiple
phases of erosion on basin margins (Gargani et al., 2008; Gargani & Rigollet, 2007). Periods of refill
from the Atlantic Ocean are evident in marine fossil fishes (Carnevale et al., 2018). The uplift required for this mechanism is thought to be mantle flow connected to lithospheric slab detachment
and roll back (Duggen et al., 2003; Garcia-Castellanos & Villaseñor, 2011; Govers, 2009; Loget &
Van Den Driessche, 2006). Westward roll back and steepening of the ancient Tethys slab beneath
the Gibraltar seaway allows hotter, buoyant mantle to move up into the space vacated by the slab,
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causing long-term dynamic uplift at the surface. This slab roll back is also proposed to have induced
delamination of lithospheric mantle in this same area, thinning the lithosphere and increasing the
associated uplift (Duggen et al., 2003).
Whichever mechanism is employed to account for the cyclic pattern in Mediterranean sea level
inferred to have occurred over the first stage of the MSC, a rapid flux of water from the Atlantic
to the Mediterranean (and vice versa) would lead to geographical variation in sea-level change in
surrounding oceans, much like sea-level fingerprints calculated in response to ice sheet melt (e.g.
Mitrovica et al., 2009). Specifically, during the filling of the Mediterranean basin, inflow is increased
due to both the gravitational pull of the water in the basin, which would raise the local sea-surface
elevation, and the subsidence of the crust at the Gibraltar sill associated with the increased local
water load. As the basin empties, these effects reverse. Here, and in the discussion below, sea level is
defined as the difference in elevation of the gravitational equipotential that defines the sea surface
and the solid surface, and thus sea-level changes will arise from perturbations in the height of either
of these two bounding surfaces.
Previous studies have quantified the perturbation to the solid surface due to load changes from
falling sea level and evaporite deposition (Govers, 2009; Govers et al., 2009; Norman & Chase,
1986) and unloading due to erosional processes (Gargani, 2004; Gargani et al., 2010). These studies
modeled the deformation as a flexural process and thus assumed that the loading time scale is long
enough that the sub-lithospheric mantle is fully relaxed. Govers (2009) and Govers et al. (2009) argued, on this basis, that load changes cause hundreds of meters of vertical deformation of this crust.
Uplift and therefore slope changes were predicted to be highly variable along basin margins, leaving
a lasting imprint on geomorphological systems (Govers et al., 2009).
Ohneiser et al. (2015) used a viscoelastic sea-level theory (e.g. Kendall et al., 2005) to consider
the gravitational, deformational and rotational effects of Antarctic ice volume fluctuations on the
elevation of the Gibraltar Sill. They assumed a fully connected ocean-Mediterranean system until a
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∼1500 m drawdown of the Mediterranean sea surface was imposed at 5.6 Ma, and argued that subsequent variations in Antarctic ice volume would have been sufficient on two occasions, at ∼5.49
Ma, to overtop the sill. However, the gravitational, deformational and rotational effects associated
with refilling of the Mediterranean were not fully explored.
In this study we use an ice-age sea-level theory that incorporates the physics discussed above to
determine the magnitude of spatially varying sea-level changes associated with the cyclic variations in
the Mediterranean water load. We begin with a generalized calculation that explores the sensitivity
of the predicted sea-level changes at the Gibraltar Sill to the time period of the cycles, which remains
uncertain. Next, we couple our sea-level calculations with the tectonic uplift and erosion model
of Garcia-Castellanos & Villaseñor (2011) to explore the impact of gravitationally self-consistent
sea-level physics on their inferences of tectonic uplift and erosional parameters.

2.2

Methods

2.2.1 Solving the Sea-Level Equation
Redistribution of large bodies of water on the Earth’s surface generates a complex spatial and temporal pattern of change in sea level. To determine the effects of the emptying and refilling of the
Mediterranean on sea level at the Gibraltar Strait during the MSC we use a pseudo-spectral algorithm described in Kendall et al. (2005) to solve the so-called “sea-level equation”, a theoretical
framework developed within the literature of ice age dynamics (Farrell & Clark, 1976; Kendall et al.,
2005; Mitrovica & Milne, 2003). The equation relates changes in the ocean load to perturbations
in the height of both the sea surface and solid Earth. The integral nature of the sea-level equation
reflects the fact that water redistribution is governed by the gravitational field of the planet, since the
sea surface in a static sea-level theory (i.e., one that neglects short period tides and wind-driven ocean
circulation) must remain an equipotential surface, and it in turn perturbs the gravitational field

27

both by the direct impact of the mass redistribution and the solid Earth deformation that it drives.
Our version of the sea-level equation includes the impact of Earth rotation changes and evolving
shorelines (Milne & Mitrovica, 1996; Mitrovica & Milne, 2003).
We apply the full sea-level theory of Kendall et al. (2005) with one approximation – in computing the deformational, gravitational and rotational perturbations to sea level, we assume that water load changes within the Mediterranean Sea, but not the open ocean, are uniform. However,
we emphasize that computed sea-level changes vary geographically both within and outside the
Mediterranean. Test calculations indicate that this assumption of a uniform water loading within
the Mediterranean yields a minor (∼10%) underestimation of local sea-level changes at the Gibraltar Sill, relative to a fully gravitationally self-consistent calculation. In the sea-level calculations, the
background topography of the ocean basins is taken to be the current ocean bathymetry. While the
bathymetry ∼6 Ma is uncertain, any difference in water depth at present-day versus ∼6 Ma will
have negligible impact on the predictions since only a small layer of water relative to the depth of the
ocean is removed or added during each sea-level cycle.
The sea-level simulations require a model for the viscoelastic structure of the Earth’s interior.
Our simulations adopt the elastic and density structure of the seismically-inferred Preliminary Reference Earth Model (Dziewonski & Anderson, 1981). We consider two viscosity models. The first
is characterized by an elastic lithosphere of 90 km thickness, an upper mantle viscosity of 5x1020 Pa
s and a lower mantle viscosity of 3x1021 Pa s; this model is similar in structure to the VM2 ice age
viscosity model (Peltier, 2004). The second model has an elastic lithosphere thickness of 71 km, an
upper mantle viscosity of 5x1020 Pa s and a lower mantle viscosity of 1x1022 Pa s, and is consistent
with inferences based on analyses of ice age sea-level variations in the Mediterranean (Lambeck &
Bard, 2000; Lambeck & Purcell, 2005). The sea-level predictions generated using the two viscosity
models show only small differences in the vicinity of the Gibraltar Strait, which controls the dynamics of cyclicity in the first stage (see Figure B.1).
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2.2.2 An Example: Variation in Sea Level at the Gibraltar Sill due to Cyclical Changes in Mediterranean Water Load
As an example of such calculations, Figure 2.1 summarizes the physics and predictions of sea-level
change that would occur in response to simple cyclic changes in the Mediterranean water load of
magnitude 500 m. The results in Figure 2.1c are shown for 10 full cycles of unloading, in the illustrative case of an unloading period of 100 yr. Figure 2.1a and the red curve in Figure 2.1c show the
expected sea-level change in a “bath tub” world, or, more formally, the case of a rigid Earth with
no load self-gravitation: if 500 m of water is removed from the Mediterranean ocean basin through
evaporation, ∼2.7 m of water is uniformly added everywhere over the global ocean (inclusive of the
area just outside of the Gibraltar Strait). In contrast, Figure 2.1b and the blue curve in Figure 2.1c
show the same scenario with gravitational and deformational effects on sea-level taken into consideration. In this case, the removal of water from the Mediterranean leads to a flux of ocean water away
from the sill due to the loss of gravitational attraction and a rebound of the crust due to the unloading. Both contribute to a predicted sea-level fall at the Gibraltar Sill rather than a sea level rise. In the
case of cyclicity with period 100 yr, the predicted fall is ∼4.7 m (Figure 2.1c).
In Figure 2.1d, we partition the predicted magnitude of the sea-level change across a single cycle
into contributions from crustal deformation (including the gravitational and rotational effects of
the deformation) and load self-gravitation. For this particular Earth model, these two effects contribute 32% and 68%, respectively, to the cyclic component of the departure from eustasy for loading cycles with periods less than ∼3 kyr. (As is clear from Figure 2.1c, the viscous component of
the deformation also introduces a longer-term trend, which increases the magnitude of sea-level
change through time). For longer periods, viscous effects in the crustal deformation play a progressively greater role and the departure from eustasy grows. As we discuss below, simulations based
on the Garcia-Castellanos & Villaseñor (2011) model yield cyclicity in the Mediterranean water
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Figure 2.1: a-b) Schematics illustrating sea-level cycling in the Mediterranean. a) The eustatic, “bath tub”
scenario where water moves uniformly from the Mediterranean to the open ocean. b) The scenario in a)
augmented by gravitational and deformational effects generated by the water redistribution. c) Predicted sealevel change at the Gibraltar Sill for scenarios shown in frame a (red) and b (blue) in the illustrative case of a
loading period of 100 yr. d) A sensitivity study showing the magnitude of the departure from eustasy across a
loading cycle as a function of the period of loading, from 10 years to 105 years, partitioned into contributions
from deformation (red line) and load self-gravity (green line).

load of period ∼5 kyr; adopting this period in Figure 2.1d yields a sea-level fall of 5.5 m at the sill
across the loading cycle. This departure from eustasy (2.7 m + 5.5 m) has contributions from deformation and load self-gravity of 3.2 m and 5.0 m, respectively. If, instead, cyclicity during the
MSC reflected a Milankovitch cycle of precessional period (∼23 kyr), then the results in Figure 2.1d
indicate a sea-level fall of ∼9.5 m across the loading cycle, and deformation and load self-gravity
contributions to the departure from eustasy of 7.2 m and 5.0 m, respectively. Finally, we note that
predictions of sea-level change at the sill based on flexural models of crustal deformation (Gargani,
2004; Gargani et al., 2010; Govers, 2009; Govers et al., 2009; Norman & Chase, 1986) neglect load
self-gravity (green line, Figure 2.1d) and assume that the time scale of the loading is sufficiently long
that viscous stresses in the mantle have fully relaxed. The results in Figure 2.1d indicate that viscous
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stresses are playing a role in the crustal deformation even for loading periods as long as 105 kyr (i.e.
the red line in the figure has not yet plateaued at this period). In any case, the predictions in Figure
2.1 demonstrate that physical models aimed at explaining the cyclical flux of water into and out of
the Mediterranean at the Gibraltar Sill during the Messinian should incorporate realistic physics of
sea-level change in viscoelastic Earth models.

2.2.3 Coupling Sea-Level Physics with an Uplift-Erosion Model of the Gibraltar Sill
To determine how realistic sea-level physics impacts modeling of the cyclic drawdown of water levels
in the Mediterranean during the first stage of the MSC, we couple the sea-level method described
above with seaway uplift-erosion calculations presented in Garcia-Castellanos & Villaseñor (2011).
The 2011 study imposes no predefined evolution of connectivity at the seaway, but instead obtains the sill depth, and therefore volume of water flow, from the competing mechanisms of linearly
increasing uplift rate and shear stress governed erosion. The details of their model are as follows
(Figure 2.2a): Initially, with a full Mediterranean ocean basin, the hydraulic gradient between the
Atlantic and Mediterranean would be small, and erosion would be at a minimum. In this case, tectonic uplift-controlled topography change would have ultimately restricted the inflow of water and
produced an evaporative drawdown in the Mediterranean. The drawdown would have then generated a large hydraulic gradient across the seaway, increasing the potential for water flow and erosion.
Erosion in this period reduced the height of the sill, further increasing the volume of water inflow,
and causing refilling of the Mediterranean ocean. As the basin filled, the cycle began again. The
cyclicity in the model ends when either the uplift rate or erosion rate pass some critical threshold
value.
The Garcia-Castellanos & Villaseñor (2011) model combines a model of rock erosion and water
flow calculations, based on hydraulic gradients, to determine the flux of water through the basins,
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assuming constant, climate-based values for precipitation and evaporation. The flux of water from
the Atlantic depends primarily on the depth of the seaway connecting the Atlantic and Mediterranean ocean basins. One can calculate the change in sill height between these two basins, z, as a
function of a tectonic uplift rate, U, and water flow incision, which is treated as a power-law function of basal shear stress, τ.
dz
= U − kb (τ − τcrit )a
dt

(2.1)

Here kb , the erodibility, and a are both constants governing the erosion term. The erodibility depends on multiple factors such a lithology, climate, channel width, hydraulic properties and sediment load (Whipple et al., 2000; Whipple & Tucker, 1999) and is typically empirically derived on
the basis of geological observations. We explore a large range of kb values (10−2 - 10−13 m/yr Paa )
due to the lack of independent constraints on kb for the Gibraltar Strait region during this period.
The exponent a depends on the dominant erosional process, but is generally accepted to be between
1-3.5, where higher values indicate more vigorous erosion (Whipple et al., 2000; Whipple & Tucker,
1999). τcrit is the critical threshold shear stress which must be surpassed for any erosion to occur (50
Pa), and t is time.
At each time step in the simulation, the rate of water flow across the seaway is calculated from
the water height above the sill, sill width and a water velocity based on the hydraulic gradient. We
assume constant values of average evaporation (1.2 mm/yr), precipitation (0.6 mm/yr) and river
run off (45,000 m3 /s and 12,000 m3 /s for the eastern and western basins respectively), after GarciaCastellanos & Villaseñor (2011). The volume of water entering/leaving the Mediterranean basin is
then distributed evenly across the area according to a simplified hypsometric reconstruction. (Note
that a sill of constant height of -430 m is assumed to exist at Sicily, splitting the Mediterranean into
east and west basins. This sill does not undergo erosion in the model. Thus, to reach the eastern
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Figure 2.2: Schematics showing the mechanisms controlling sea level in the Mediterranean. a) The scenario
of competing tectonic uplift and erosion as proposed by Garcia-Castellanos & Villaseñor (2011). b) The
scenario in (a) augmented by crustal deformation and self-gravitation effects generated by Mediterranean
inflow and outflow. (Schematic is not to scale).

Mediterranean, water must have filled up to -430 m in the western Mediterranean.) This water
loading history is then used to calculate a geographically variable sea-level correction ΔSL for the
Mediterranean region, i.e., the amount by which the geographically variable sea-level calculation
differs from a eustatic sea-level change (see Figure 2.2). Identifying the correction at the Gibraltar
Sill through time enables us to adjust Equation (2.1) for the sea-level effects evident in Figure 2.2.
Specifically, across every time step (Δt) where gravitational, deformational, and rotational effects
reduce (or increase) sea level at the Gibraltar sill, the sill height is raised (or lowered) by ΔSL:
dz
ΔSL
= U − kb (τ − τcrit )a −
dt
Δt

(2.2)

Since the sea-level change gradient is large in the region of the Gibraltar Strait, due to its proximity
to the changing water load, we calculate ΔSL as an average of values within a 2◦ x 2◦ (180 x 220 km)
region centered on the sill.
The model coupling is achieved through an iterative process. In the first iteration, sea-level is
calculated at each timestep using the original erosion/water flow model (i.e., Equation 2.1). In the

33

second iterate, the evolving water load implied by the first iterate solution is used to calculate time
varying ΔSL using the ice-age sea-level theory, and this time series is used as input in Equation (2.2)
for a second pass through the erosion/water flow model. The latter process is repeated iteratively
until convergence is achieved.
We perform parameter sweeps for sets of the three prescribed constants, uplift rate, erodibility
and the exponent a, that produce a cyclic sea-level curve. The form of Equation (2.2) indicates that
if we require the computed rate of change of sill height to be identical to the value obtained using
Equation (2.1) (which, as discussed in the context of Figure 2.1, is negative in this case), we would
predict it to be compensated by either a reduction in uplift rate or an increase in erosion.

2.3

Results

Figure 2.3 shows sea-level and sill height changes following the reference simulation of GarciaCastellanos & Villaseñor (2011) (grey lines). The calculation adopted an initial uplift rate at the
sill of 4.9 mm/yr, an erodibility parameter kb = 10−6 m/yr Pa−1.5 and an exponent for the power-law
function of basal shear stress a = 1.5. These choices yielded 16 sea-level cycles before an imposed
increase in uplift rate ended the cyclicity. We find that including realistic sea-level physics (Figure
2.1) into the solution of Equation (2.2), and adopting, without change, all parameters in the reference model of Garcia-Castellanos & Villaseñor (2011), produces no sea-level cyclicity, but instead
leads to a complete emptying of the Mediterranean Sea in ∼20 kyr. We return to this point in the
discussion below.
To obtain a new range of uplift rate values that generate cyclic sea-level behavior with our coupled model, we perform a parameter sweep for uplift rate, while adopting the values for kb and a
cited above. We find that the maximum initial uplift rate that yields cyclicity is 1.5 mm/yr. Results
for this particular simulation are shown by the colored lines in Figure 2.3. Uplift rates above this
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Figure 2.3: Comparison of reference model following Garcia-Castellanos & Villaseñor (2011) using a critical
uplift rate of U = 4.9 mm/yr (grey lines), with a simulation based on the coupled sea-level model described
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value lead to a monotonic emptying scenario and uplift rates below 1.5 mm/yr produce lower amplitude cyclic patterns.
We next explore the impact of varying the input erosional parameters on predicted sea-level
changes at the Gibraltar strait. Figure 2.4 shows a sensitivity study in which a and kb are varied
across plausible ranges while the initial uplift rate U is fixed to either (a) 4.9 mm/yr or (b) 1.5 mm/yr.
This side-by-side comparison allows us to quantify the extent to which the inclusion of sea-level
physics alters preferred values of uplift rate and/or erosion parameters relative to a simulation that
does not include the sea-level physics and was characterized by a cyclicity consistent with the observational record.
The “misfit” measure used in Figure 2.4 is based on a comparison between our predictions of
time varying Gibraltar sill height and the analogous time series published by Garcia-Castellanos &
Villaseñor (2011) (Figure 2.3, grey lines). In particular, a penalty function is defined that involves
a misfit to both the period and amplitude of the predicted sill height variation. The misfit is normalized and defined (see caption) such that any value greater than 1.0 indicates a calculation with
no predicted cyclicity (shown by open circles). In such cases, low erosional parameters (i.e., low a
or kb ; lower left on each frame) lead to a permanent emptying of the Mediterranean Sea, while high
erosional parameters (top right on each frame) lead to a stably filled Mediterranean Sea. Note, as
discussed above, the case highlighted by Garcia-Castellanos & Villaseñor (2011) (U = 4.9 mm/yr,
kb = 10−6 m/yr Pa−1.5 and a = 1.5) does not yield cyclicity when the sea-level feedback mechanism
described in this study is included.
Progressively lower values of the misfit below 1.0 indicate predictions characterized by cyclic sill
height variations (and therefore cyclic sea-level variations) that more closely match the prediction of
Garcia-Castellanos & Villaseñor (2011), which did not include the sea-level feedback mechanism.
Paired values (a, kb ) of, for example, (2.4, 10−9 ) and (2.8, 10−10 ) achieve such cyclic behavior when
an uplift rate of U = 4.9 mm/ yr is adopted (Figure 2.4a). Also, by design, for an uplift rate U = 1.5
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mm/yr, the parameter values adopted by Garcia-Castellanos & Villaseñor (2011) (1.5 and 10−6 m/yr
Pa−1.5 ) are the minimum a and maximum kb values that produce a good match to their sea-level
curve. Finally, variations in the adopted values of a and kb that are necessary to maintain cyclicity in
the sea-level predictions are anti-correlated. That is, if a is increased, kb must be decreased to generate cyclicity, and, for most values of a, the lowest value of kb that produces cyclic behavior gives the
lowest misfit.
The two frames in Figure 2.4 also illustrate the dependence between uplift rate and erosional
parameters. For lower uplift rates, the minimum and maximum bounds on a and kb decrease and
increase, respectively. This relationship also holds for uplift rates below 1.5 mm/yr (not shown).
This result reflects the competition between processes expressed on the RHS of Equations (2.1)
and (2.2); if uplift rate decreases, the amount of erosion occurring must also decrease to maintain a
periodic connection between the two ocean basins at the Strait of Gibraltar.
Additional analyses exploring the sensitivity of the coupled model to temporal variations in
global ocean volume, fluctuations in evaporation and precipitation rates, and rapid tectonic uplift
events are given in Figures B.2, B.3 and B.4. Throughout the Messinian Salinity Crisis, the Antarctic ice sheet underwent significant fluctuations in ice volume (Ohneiser et al., 2015). We test the
impact of this process on our results by introducing a 7 m variation in global mean sea level over an
obliquity-paced 41,000 year period (this is reflected in the level of the Atlantic Ocean, which is given
by the blue line in Figure B.2). The modified global mean sea level then alters the height of water
passing above the Gibraltar sill. Temporal variations in evaporation, precipitation and river run off
are also expected as a consequence of changes in insolation in response to astronomical forcing. To
explore this issue, we performed simulations (Figure B.3) in which we adopt a scaling factor based
on an estimate of insolation changes through time (Laskar et al., 2004) in a similar manner to previous studies (Garcia-Castellanos & Villaseñor, 2011; Gargani & Rigollet, 2007; Meijer & Krijgsman,
2005). Specifically, the sum of evaporation, precipitation and river run off is multiplied by this time
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varying scale factor to generate a ±25% fluctuation in these parameters. Finally, we also consider
a simulation in which discrete uplift events are imposed at a specific time, replacing the constant
increase in uplift rate adopted in Figures 2.3 and 2.4 (Figure B.4). To achieve this, two thirds of the
way through the simulation (at 80 kyrs) we increase the elevation of the sill by between 0.5 - 3 m.

2.4

Discussion

Our results have shown that sea-level physics associated with crustal deformation and gravitational
effects has a profound influence on sea-level changes experienced at the Gibraltar Sill, which separates the Atlantic Ocean and the Mediterranean. Indeed, the sea-level change at the Gibraltar Sill is
of opposite sign to the change expected under the assumption of eustasy (Figure 2.1). Govers (2009)
suggested that crustal uplift at the Gibraltar Strait due to unloading as water fluxed from Mediterranean Sea to the global ocean through evaporation, would have precluded subsequent cycles of
partial emptying and refilling. In contrast, our calculations indicate that feedbacks associated with
sea-level physics enhance the cyclicity. During unloading (emptying) of the Mediterranean, crustal
uplift and a drop in local sea-surface height lower sea level at the sill, while during a loading (refilling) of the Mediterranean, crustal subsidence and a rise in the local sea-surface height raise sea level
at the sill.
Due to the paucity of sea-level indicators and sparse and uncertain dating, the amplitude and duration of sea-level cycles during the first stage of the MSC is relatively poorly constrained. Figure 2.1
demonstrates that the magnitude of deformational effects at the Gibraltar Sill will be a function of
the time scale of the cyclicity. For example, for time scales less than a few thousand years, sea-level
change at the sill is dominated by self-gravitation, and crustal deformation is elastic and thus insensitive to the period of cyclicity. Over loading time scales ∼ 103 -105 yr, viscous effects progressively
increase the magnitude of the crustal deformation, and this process becomes a dominant contrib-

39

utor to the total sea-level trend at the sill. It is interesting to note that even at time scales as long as
105 yr, the sub-lithospheric mantle is not fully relaxed, and thus a calculation of sea-level cyclicity at
the sill based on flexure will overestimate the amplitude of the crustal deformation, in addition to
neglecting self-gravitation of the load.
Accounting for crustal deformation and self-gravitation associated with redistribution of ocean
water in calculations of sea-level change during the first stage of the MSC significantly alters the
character of sea-level fluctuations that arise when adopting the uplift-erosion model of GarciaCastellanos & Villaseñor (2011). To produce sea-level cycles that show some consistency with the
reference model of Garcia-Castellanos & Villaseñor (2011), we modified the uplift rate and erosional parameters from values adopted in that study. Consider the factors influencing the rate of
change of sill height in Equation (2.2). If the addition of realistic sea-level physics is amplifying the
cycles (i.e. increasing sea level at the sill during times of inflow and decreasing sea level at the sill during times of drawdown), either uplift rate must be reduced or erosion must be increased to maintain
balance. Since a combination of uplift and erosion rate ultimately dictate the magnitude and timing
of sea-level cycles, the set of erosional and uplift rate parameters required to produce sea-level fluxes
similar to those computed by Garcia-Castellanos & Villaseñor (2011) are strongly correlated.
Empirical estimates for the exponent a of the power-law function of basal shear stress vary over
a large range (Whipple & Tucker, 1999). This parameter carries information about the physics of
the erosion process (e.g. plucking vs abrasion), with a higher value of the exponent indicating more
vigorous erosion; however, a formal classification scheme for this spectrum of behaviors has not
been established in the literature. As discussed earlier, the parameter kb has a more direct physical
interpretation as a measure of the erodibility of the rock, though it is sensitive to multiple factors,
such a lithology, climate, channel width, hydraulic properties and sediment load (Whipple et al.,
2000; Whipple & Tucker, 1999). kb is typically empirically derived on the basis of geological observables and has been inferred for limestone bedrock in the Apennines, Italy in modern climates to
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be ∼ 10−6 m/yr Pa−1.5 (Attal et al., 2011). Much higher values are quoted for unconsolidated soil
erosion.
Insight into the rate of uplift in the region of the Gibraltar Strait during the Messinian comes
from numerical modeling. Duggen et al. (2003) use a thermomechanical model to demonstrate
that replacement of cold, dense slab with hot asthenosphere during slab roll back can generate a
total regional uplift of ∼300 m. For a phase of duration ∼1 million years, as suggested in this study,
this prediction gives an uplift rate of ∼0.3 mm/yr. More recent studies have estimated uplift rates
for general scenarios of slab detachment. For example, geodynamical models of Andrews & Billen
(2009) predict kilometer scale uplift, with rates ranging from 0.14 – 2.65 mm/yr, where increasing
uplift rates correlate with the increasing age of detached slabs. Numerical modeling results of Gerya
et al. (2004) and Duretz et al. (2011) predict lower uplift rates of 0.1 - 0.8 mm/yr. These studies
provide a range of reasonable values, though uplift rates will vary with tectonic setting and depend
strongly on the timing and depth of detachment.
We have found that when we adopt the erosional parameters used by Garcia-Castellanos & Villaseñor (2011) (a = 1.5, kb = 10−6 m/yr Pa−1.5 ), we must reduce the uplift rate to be ≤ 1.5 mm/yr
to generate a sea-level curve consistent with theirs when realistic sea-level physics is incorporated
into the simulation. We can achieve the same consistency retaining their uplift rate (4.9 mm/yr) by
increasing a to ≥ 2.4 and decreasing kb to ≤ 10−9 m/yr Pa−2.4 . The constraints on the erosional
parameters described above might suggest that a reduction in the uplift rate is a more physically reasonable scenario than an increase in a and decrease in kb . Moreover, reducing the inferred uplift rate
to 1.5 mm/yr places it within the window suggested by geodynamic models for slab roll back and
detachment. With regards to these models, the increase in uplift rate required to end the cyclic behavior may be generated by the horizontal progression of slab roll back (i.e. as the subduction zone
migrates westward through the Gibraltar strait, peak uplift will also migrate westward; Duggen et al.
2003, 2004), however the magnitudes associated with this type of process are not constrained in the

41

relevant literature (Andrews & Billen, 2009; Duretz et al., 2011; Gerya et al., 2004).
We performed a series of numerical tests to investigate the sensitivity of the coupled sea level and
erosion model to various assumptions in the modeling. Superimposing a longer-term sea-level cycle
in the global ocean (reflecting, for example, changes in Antarctic ice mass) acts to increase variability in the amplitude of the sea-level cycles within the Mediterranean, and can lead to a significant
change in the total duration of cyclicity (Figure B.2; red line). Introducing fluctuations in evaporation and precipitation also increases variability in the amplitude of sea-level cyclicity within the
Mediterranean (Figure B.3; red line). Finally, introducing episodes of rapid tectonic uplift into the
system leads to a transient perturbation in the amplitude of the sea-level cycles and the system tends
to return to “normal” within a few cycles. It is possible, however, that multiple and/or large episodes
of uplift may lead to long-term isolation of the Mediterranean, although we have not considered
such a scenario here.
The duration and magnitude of sea-level drawdown computed here by coupling sea-level physics
to the uplift-erosion model of Garcia-Castellanos & Villaseñor (2011) are consistent with previous
studies (e.g. Gargani & Rigollet, 2007; Meijer & Krijgsman, 2005; Ryan, 2008). While the sea-level
fall in the west basin is inhibited by the presence of the Sicily sill and has relatively constant sea-level
minima, the east basin undergoes significant variability in sea-level fall across cycles. This increased
variability, which as mentioned above would be enhanced by variations in ocean level driven by
Antarctic ice mass changes and fluctuations in precipitation and evaporation (Figures B.2-B.3), is
consistent with evidence for distinct and irregular periods of erosion (Gargani & Rigollet, 2007).
Differences in sea-level fall between cycles will produce distinct thicknesses of evaporite since salinity, and therefore the rate of halite and gypsum precipitation, are governed by rate of inflow (Krijgsman & Meijer, 2008). Variable mean sea level in the Mediterranean Sea will also affect the location
of evaporite deposition; with more water in the basin, evaporites will form in shallow areas along the
margins, and with less water present, evaporites will form at greater depths within the basin (Gar-
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gani et al., 2008). We speculate that isostatic and self-gravitation effects in the presence of multiple
sills may be an important contributing factor to the observed variation in thickness, spatial variation and number of salt layers within marginal basins in the Mediterranean region (Krijgsman et al.,
2001; Rohling et al., 2008).

2.5

Conclusion

Crustal deformation and self-gravitation effects associated with redistribution of water in and out
of the Mediterranean Sea have a significant effect on both topography and sea-surface height at the
Gibraltar Strait. For any scenario of mass flux between the Atlantic Ocean and the Mediterranean,
sea-level change at the Gibraltar Strait will be of opposite sign to the ocean average (eustatic) sealevel change (Figure 2.1). The magnitude of the sea-level change predicted at the sill will increase
with the time scale of the loading (Figure 2.1d).
When coupled to a model that captures the impact of competing processes of tectonic uplift and
erosion on sill height, this sea-level physics significantly alters the character of predicted sea-level
cycles during the first stage of the MSC (Figures 2.2-2.3). If the parameters of the reference simulation presented by Garcia-Castellanos & Villaseñor (2011) are adopted in our coupled model, the
Mediterranean Sea completely desiccates in ∼20 kyr. Thus, parameters specifying the local tectonic
uplift rate and erosional parameters must be revised to generate the cyclic sea-level curves evident in
the stratigraphic record. When the erosional parameters a and kb are held fixed at the values adopted
by Garcia-Castellanos & Villaseñor (2011), our coupled model predicts cyclic sea-level behavior only
for uplift rates less than ∼1.5 mm/yr. This bound is lower than suggested in the study of GarciaCastellanos & Villaseñor (2011), and aligns with values indicated by geodynamic models for slab
detachment. A comprehensive sensitivity analysis shows that both time-varying global sea level and
fluctuations in evaporation and precipitation rates add an additional variability to Mediterranean
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sea-level cycles (Figures B.2 and B.3). Incorporating realistic sea-level physics, as well as these factors,
may ultimately reconcile the observed variation in thickness, spatial variation and number of salt layers present. The simulations described above demonstrate the importance of accounting for crustal
deformation and gravitational effects on sea surface height associated with the redistribution of large
water loads.
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3

An Extended Ice-Age Sea-Level Equation:
Incorporating Water Flux Across Sills

3.1

Introduction

The theory governing gravitationally self-consistent ice-age sea-level changes has its roots in studies dating back more than a century (Woodward, 1888). The first modern treatment of the problem was given in the classic article of Farrell & Clark (1976), which calculated sea-level changes
driven by ice mass flux on non-rotating, spherically symmetric Earth models, and in deriving their
so-called “sea-level equation”, it was assumed that geometry of shorelines was fixed in time. Under the assumption of 1-D (i.e., depth varying) Earth properties, the perturbation in sea level - forA version of this chapter was published with David Al-Attar and Jerry X. Mitrovica in Geophysical
Journal International, vol. 225, p. 236-252, 2021.
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mally defined as the vertical distance between the sea-surface equipotential and the solid surface was expressed in terms of viscoelastic surface load Love numbers (Peltier, 1974). Spatial (Peltier &
Andrews, 1976) and spectral (Mitrovica & Peltier, 1991) approaches were subsequently developed
for solving the sea-level equation, although the pseudo-spectral algorithm described by Mitrovica
& Peltier (1991) and later Kendall et al. (2005) has become the standard approach adopted in the
ice-age sea-level community.
Beginning in the late 1980s, a series of articles extended the sea-level theory to account for the
migration of shorelines associated with local onlap or offlap of water (Lambeck & Nakada, 1990;
Milne et al., 1999; Johnston, 1993; Peltier & Drummond, 2002) and changes in the perimeter of
grounded, marine-based ice (Milne et al., 1999). These studies applied various levels of approximation to account for these effects; an exact treatment of both, valid for Earth models of arbitrary complexity, was derived by Mitrovica & Milne (2003). More recent studies have begun to include the
changing surface loads of water stored on land, particularly in pro-glacial lakes that develop during
ice sheet retreat (Lambeck et al., 2017).
Changes in sea level associated with perturbations to Earth rotation have also been incorporated
into the sea-level equation (Han et al., 1989; Milne & Mitrovica, 1996, 1998; Bills & James, 1996;
Peltier, 1998; Mitrovica et al., 2005). There are two parts to any calculation of this effect: the perturbation to Earth rotation driven by ice-age surface mass changes and the impact of this perturbation
on sea level. Mitrovica et al. (2005) demonstrated that earlier calculations of the former (e.g. Wu &
Peltier, 1984) were characterized by a major inaccuracy associated with the treatment of the Earth’s
equatorial bulge, and they provided a revised theory that resolved this issue. Kendall et al. (2005)
provided algorithms for solving the generalized sea-level equation of Mitrovica & Milne (2003) appropriate for rotating Earth models of arbitrary complexity.
There is an important, underlying assumption in all the above treatments, namely, that any location where sea level is greater than zero - that is, where the solid surface lies below the sea-surface
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equipotential - will be subject to water mass changes as ice sheets grow and diminish, even if the location is not connected to the global ocean. For example, at present-day topography, low lying areas
such as Death Valley and inland seas like the Caspian Sea, would experience water influx to the level
of the evolving sea-surface equipotential if ice sheets melted. If such regions always remain disconnected from the global ocean, then a solution to this issue is straightforward: a mask can applied to
the topography that excludes these as accommodation space for meltwater across the glacial cycle.
However, this solution is not appropriate when a sill that connects the isolated water body to the
ocean can be breached. In that case, the regions on both sides of the sill would be subject to the full
suite of gravitational, deformation and rotational effects associated with surface mass load changes
anywhere on the globe, but would evolve as separate entities until the breach occurred.
A notable example of this scenario would be in the Black Sea, where the rise in global sea level
across the last deglacial phase led to a breach of the Bosphorus Sill and a connection of the sea to the
global ocean at ∼10 ka (Ryan et al., 2003). Ice-age sea-level calculations of the flooding event have
been performed (Lambeck et al., 2007; Goldberg et al., 2016); however, these studies adopted various approximations to the sea-level theory such that the resulting solutions were not gravitationally
self-consistent. Other examples from the last deglacial phase include reflooding of the Caspian Sea
(17-10 Ka) and the Persian Gulf (14-6 Ka) (Chepalyga, 2007; Teller et al., 2000; Lambeck, 1996).
Evidence for flooding in previous deglacials has also been identified in the English Channel, indicating outburst flooding across the Dover Strait from a large meltwater lake (Gupta et al., 2007).
A complex situation occurred in the Mediterranean Sea during the Messinian Salinity Crisis from
5.96-5.33 Ma. During this period, the Mediterranean Sea was subject to numerous cycles of sealevel drawdown and inundation, followed by a longer phase of complete isolation and desiccation,
which ended in a dramatic breaching of the Gibraltar and Sicily sills known as the Zanclean flood
(e.g. Clauzon et al., 1996; Gargani & Rigollet, 2007; Rohling et al., 2008; Roveri et al., 2014; GarciaCastellanos et al., 2009). The initial stage of cyclicity may have been a response to the competing
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effects of erosion and tectonic uplift of the sill (Garcia-Castellanos & Villaseñor, 2011), sea-level
oscillations driven by variations in the size of the Antarctic Ice Sheet (Ohneiser et al., 2015), precessionally forced variations in local climate (Krijgsman et al., 1999, 2001; Lugli et al., 2010) or some
combination of the three. An initial effort to apply ice-age sea-level theory to the cyclicity, based
on an approximate treatment of the water loading signal within the Mediterranean Sea, demonstrated that neglecting gravitational and deformational effects associated with sea-level change in
the Mediterranean basins introduces significant inaccuracies in predictions of the magnitude and
direction of sea-level change at the Gibraltar Strait (Coulson et al., 2019).
In this article, we extend the generalized sea-level theory of Mitrovica & Milne (2003) to derive
a gravitationally self-consistent treatment of water redistribution in the case where a region characterized by positive sea level (i.e., where the crust sits below the local sea-surface equipotential) is
subject to episodes of either connection or disconnection to the global ocean. The theory allows for
perturbations in sill height associated with local sea-level changes and is valid for Earth models of arbitrary complexity. The theory also incorporates the possibility of evaporative mass transport across
the sill, which is of particular importance for studying the Mediterranean basins, where evaporation
rates dramatically exceed recharge rates. The next section outlines the extended sea-level theory. To
best illustrate the capabilities of this novel approach, a subsequent section presents calculations for
idealized lake-ocean systems, based on the Black Sea flooding and desiccation of the Mediterranean
Sea.

3.2

Theory

Our sea-level formalism will involve three cases: one global ocean, a two water body system involving an ocean and lake separated by an exposed sill, and transitional phases that occur between the
single and double water body states. For simplicity, we begin with a system with no shoreline migra-
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tion, that is, following the original assumption of Farrell & Clark (1976), we assume that shorelines
are characterized by steep vertical cliffs. A full theoretical and numerical implementation that incorporates shoreline migration is given in Appendix C. In the following, we adopt the notation of
Mitrovica & Milne (2003) and Kendall et al. (2005).

3.2.1 One Water Body
Global sea level is formally defined as the elevation difference between the height of the sea-surface
equipotential (G) and the solid surface (R) (see Fig. 3.1):
SL(θ, ψ, t) = G(θ, ψ, t) − R(θ, ψ, t),

(3.1)

where θ and ψ are colatitude and east longitude, respectively, and t is time. Sea level can be expressed
as a perturbation, ΔSL(θ, ψ, t), from an initial state at t = t0 ,
SL(θ, ψ, t) = SL(θ, ψ, t0 ) + ΔSL(θ, ψ, t)

(3.2)

ΔSL(θ, ψ, t) = ΔG(θ, ψ, t) − ΔR(θ, ψ, t).

(3.3)

where

In this system, topography is defined as the negative of sea level, i.e., the height of the solid surface
relative to the elevation of the sea-surface equipotential:
T(θ, ψ, t) = −SL(θ, ψ, t) = T(θ, ψ, t0 ) + ΔT(θ, ψ, t) = T(θ, ψ, t0 ) − ΔSL(θ, ψ, t).
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(3.4)

G
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Figure 3.1: Schematic illustration of the global ocean system. The bounding surfaces G and R, components
of sea level SL, G and φ/g, and the ocean function C are defined in the text (see Equations 3.1, 3.7 and 3.8).
We refer to these quantities both as totals, as perturbations from the initial state, Δ, and as changes across a
single time step, δ.

A simple expression relates changes in ocean height to changes in global sea level:
ΔS(θ, ψ, t) = ΔSL(θ, ψ, t)C(θ, ψ),

(3.5)

where we have assumed that shoreline geometry is fixed in time. In this expression, C(θ, ψ) is the
ocean function defined as:

C(θ, ψ) =




1

over oceans, i.e., where SL(θ, ψ, t) > 0



0

elsewhere.

(3.6)

Following the ice-age literature, we next decompose ΔG(θ, ψ, t) in Equation (3.3), and thus the
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sea-level change, ΔSL(θ, ψ, t), into a geographically variable part and a uniform shift Δφ(t)/g. In
particular,
ΔSL(θ, ψ, t) = ΔSL(θ, ψ, t) +

Δφ(t)
,
g

(3.7)

where
ΔSL(θ, ψ, t) = ΔG(θ, ψ, t) − ΔR(θ, ψ, t).

(3.8)

ΔG represents the spatially variable component of the perturbation to the height of the sea-surface
equipotential from its initial state. This decomposition recognizes that whilst the ocean surface
must remain an equipotential surface in a static sea-level theory, the value of the equipotential can
change in time. Using Equation (3.7), we can rewrite Equation (3.5) as
[

]
Δφ(t)
ΔS(θ, ψ, t) = ΔSL(θ, ψ, t) +
C(θ, ψ).
g

(3.9)

ΔSL is computed as a response to the total surface mass load change, ΔL, which can be decomposed into components associated with the water (ΔS) and ice (ΔI) load:
ΔL(θ, ψ, t) = ρw ΔS(θ, ψ, t) + ρi ΔI(θ, ψ, t)

(3.10)

where ρw and ρi are the densities of water and ice, respectively.
The uniform shift in the height of the sea-surface equipotential can be computed by invoking
conservation of the surface mass load. Integrating both sides of Equation (3.9) over the surface of
the Earth yields
Δφ(t)
1
=
g
A

∫∫

1
ΔS(θ, ψ, t) −
A
Ω
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∫∫
Ω

ΔSL(θ, ψ, t)C(θ, ψ)dΩ,

(3.11)

where A is the area of the ocean

∫∫
A=

Ω

C(θ, ψ)dΩ.

(3.12)

Next, conservation of the surface mass load requires that
∫∫
Ω

ΔS(θ, ψ, t)dΩ = −

ρi
ρw

∫∫
Ω

ΔI(θ, ψ, t)dΩ,

(3.13)

and using this expression in Equation (3.11) yields
Δφ(t)
1 ρi
=−
g
A ρw

∫∫

1
ΔI(θ, ψ, t)dΩ −
A
Ω

∫∫
Ω

ΔSL(θ, ψ, t)C(θ, ψ)dΩ.

(3.14)

Equations (3.6), (3.9) and (3.14) govern the redistribution of water associated with ice mass flux, i.e.,
the “sea-level equation” for the system.
In considering an ocean and lake system which are intermittently connected, it will be more convenient - both in the derivation below and in the numerical implementation - to proceed not by
considering changes in sea level from the start of the simulation, but rather across each time step
in the simulation. A given simulation can include multiple switches from a one body to two body
state, or vice versa, with transitions between the two states occurring across a single time step, and
thus updates in the ocean load are more compactly expressed across individual time steps. Of course,
a simple relationship exists between changes in the ocean load as expressed above and changes across
a single time step. For example, for the jth time step,
ΔS(θ, ψ, tj ) = ΔS(θ, ψ, tj−1 ) + δS(θ, ψ, tj ).

(3.15)

Similar expressions can be written for other time-dependent quantities, e.g., ΔSL, ΔI, and Δφ. In
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this case, the sea-level equation for the jth time step is:
[
]
δφ(tj )
δS(θ, ψ, tj ) = δSL(θ, ψ, tj ) +
C(θ, ψ),
g

(3.16)

where
δSL(θ, ψ, t) = δSL(θ, ψ, t) +
and

δφ(tj )
1 ρi
=−
g
A ρw

∫∫

1
δI(θ, ψ, tj )dΩ −
A
Ω

δφ(t)
,
g

(3.17)

δSL(θ, ψ, tj )C(θ, ψ)dΩ.

(3.18)

∫∫
Ω

All of the above expressions are general and make no assumption in regard to the Earth model.
We note that since the geographically variable component of sea-level change, ΔSL(θ, ψ, t) or
δSL(θ, ψ, t), is a function of the ocean load, Equations (3.9) and (3.16) are integral equations.

3.2.2 Two Isolated Water Bodies: Ocean & Lake
Next we consider the case of two isolated water bodies: a global ocean and lake separated by an exposed sill (Fig. 3.2). We use subscripts ‘o’ and ‘m’ to differentiate the two. The sea-level equation
governing the redistribution of water in the global ocean is given by:
[

]
δφo (tj )
δSo (θ, ψ, tj ) = δSL(θ, ψ, tj ) +
Co (θ, ψ),
g

(3.19)

and the analogous expression governing the gravitationally self-consistent change in the water load
within the lake is

[

]
δφm (tj )
δSm (θ, ψ, tj ) = δSL(θ, ψ, tj ) +
Cm (θ, ψ).
g
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(3.20)

G

фo/g

Go

фm/g
R
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Cm=0
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Co=1

Cm=1

Cm=0

Co=0

Figure 3.2: Schematic illustration of the isolated lake and ocean system. The larger basin on the left represent
the global ocean, with the smaller basin on the right representing a disconnected lake. The bounding surfaces,
components of sea level, and the ocean functions are defined in the text. We refer to these quantities both as
totals, as perturbations from the initial state, Δ, and as changes across a single time step, δ.

The expressions for δSo and δSm are coupled through the geographically variable component
of the change in global sea level, δSL. This connection arises because the global sea-level change is
driven by the total surface mass load; so, for example, the loading history in the lake will impact sea
level in the ocean, and vice versa. We note also that the sea-surface equipotential associated with the
ocean represents the bounding surface of sea level throughout the globe (Fig. 3.2). The surface of
the lake is also an equipotential, but if the lake is isolated from the ocean, the value of this equipotential is distinct from the ocean surface equipotential, and the difference in the two gravitational
potentials is given by δφo (t) − δφm (t).
From Equations (3.19) and (3.20), each of the water bodies has its own projection operator,

54

which we may write as

Co (θ, ψ) =

Cm (θ, ψ) =




1

within ocean



0 elsewhere



1 within lake


0 elsewhere

(3.21)

(3.22)

The change in the surface mass load across the time step is given by:
δL(θ, ψ, tj ) = ρw [δSo (θ, ψ, tj ) + δSm (θ, ψ, tj )] + ρi δI(θ, ψ, tj ).

(3.23)

To derive expressions for δφo (tj ) and δφm (tj ), we integrate both sides of Equations (3.19) and
(3.20), respectively, over the surface of the Earth. For the open ocean this yields
δφo (tj )
g

∫∫

∫∫
Ω

Co (θ, ψ)dΩ =

∫∫
Ω

δSo (θ, ψ, tj ) −

Ω

δSL(θ, ψ, tj )Co (θ, ψ)dΩ.

(3.24)

Assuming that the global reservoir of ice is in direct contact with the ocean not the lake, conservation of the surface mass load requires that
∫∫
Ω

δSo (θ, ψ, tj )dΩ = −

ρi
ρw

∫∫
Ω

δI(θ, ψ, tj )dΩ + δE(tj ),

(3.25)

where the new term, δE(t), represents the prescribed volume of water transferred from the lake to
the open ocean during the time step by evaporation (the sign of the parameter will be negative if
the net mass flux is from the ocean to the lake). Using Equation (3.25) in (3.24) and solving for
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δφo (tj )/g yields
δφo (tj )
1 ρi
=−
g
Ao ρw

∫∫
Ω

δI(θ, ψ, tj )dΩ +

where

δE(tj )
1
−
Ao
Ao

∫∫
Ω

δSL(θ, ψ, tj )Co (θ, ψ)dΩ,

(3.26)

∫∫
Ao =

Ω

Co (θ, ψ)dΩ.

(3.27)

The analogous expression for δφm (tj )/g is:
δφm (tj )
δE(tj )
1
=−
−
g
Am
Am
where

∫∫
Ω

δSL(θ, ψ, tj )Cm (θ, ψ)dΩ

(3.28)

∫∫
Am =

Ω

Cm (θ, ψ)dΩ.

(3.29)

The coupled Equations (3.19), (3.20), (3.26) and (3.28), together with Equations (3.21) and (3.22),
now govern the redistribution of water associated with ice mass flux and evaporation from the
lake to the open ocean. As above, these changes across individual timesteps can be summed to give
changes since the start of the simulation (e.g. Equation 3.15).
As mentioned in Section 3.2.1, topography is defined as the negative of sea level (Equation 3.4),
and it evolves as we solve for sea level at each timestep. In the two water bodies case, within the maximum lake extent, topography is calculated relative to the equipotential surface of the lake, i.e., a
shoreline of the lake will have zero topography. Elsewhere, topography is calculated relative to the
equipotential surface of the global ocean.
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3.2.3 Transitional Phases
Whenever the global ocean surface at the location of the sill reaches the height of the sill, either from
above or below, the system enters a transitional phase in that time step. In the following, we discuss
the two cases, one in which the global ocean surface falls to the level of the sill in the single global
ocean case (Section 3.2.3.1), and one in which it rises to the level of the sill in the two water body
case (Section 3.2.3.2). Note an additional transitional case exists where, in a two water body case,
the lake surface overtops the sill on the lake side, but the global ocean surface is below the sill on the
ocean side. This latter case may arise as a result of deformational, gravitational and rotational effects
associated with the changing surface mass load, and it can be treated using the same framework as
that described in Section 3.2.3.1 since the desired end state is also Tm (θs , ψs , t) = 0. The workflow
of the code, highlighting the various transitional phases, is given in Appendix C.

3.2.3.1 Falling Sea Level: Disconnecting the Lake and the Global Ocean
We begin by considering the scenario of a single water body (Fig. 3.1) with falling sea level (Fig.
3.3A). In this case, as soon as the sill becomes exposed, the simulation transitions to the case of an
isolated ocean and lake system. However, once the sill is exposed, any further ice mass change will be
sourced from or fluxed to the ocean.
Beginning with the expressions for a single water body, the exposure of the sill is predicted to have
occurred following any time step tj in which sea level at the sill, T(θs , ψs , tj ) (Equation 3.4), where
θs and ψs are the colatitude and longitude of the sill, is predicted to be positive. The calculation
for that time step must then be corrected; specifically, one must transfer sufficient water out of the
ocean and into the lake such that the lake level is pinned at the elevation of the sill (Fig. 3.3B). In the
following, we will use the symbol d to emphasize that we are dealing with a correction term at time tj
to a time step in the simulation that has already been taken (i.e., a time step from t = tj−1 to t = tj
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Figure 3.3: Schematic illustration of the transition from a global ocean to an isolated lake and ocean
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using the equations governing a single water body).
The equations governing this correction during the transition are similar to those derived in Section 3.2.2, with the exception that the transfer of water from the ocean to the lake does not involve
any additional ice mass flux. The equations governing the redistribution of water are:
[

]
dφo (tj )
dSo (θ, ψ, tj ) = dSL(θ, ψ, tj ) +
Co (θ, ψ),
g

(3.30)

]
dφm (tj )
dSm (θ, ψ, tj ) = dSL(θ, ψ, tj ) +
Cm (θ, ψ).
g

(3.31)

[

The flux of mass across the sill can be accounted for by introducing a volume flux term, Λ(t), into
expressions analogous to Equations (3.26) and (3.28):
dφ(tj )
Λ(tj )
1
=−
+−
g
Ao
Ao

dφm (tj )
Λ(tj )
1
=
−
g
Am
Am

∫∫
dSL(θ, ψ, tj )Co (θ, ψ)dΩ

(3.32)

dSL(θ, ψ, tj )Cm (θ, ψ)dΩ.

(3.33)

Ω

∫∫
Ω

The flux of water necessary to fill the lake to the level of the sill is not known a-priori, but it can
be efficiently solved for iteratively. A reasonable first guess (k = 1) for the volume flux across the
sill would be the uniform amount that would fill the lake, transferred from the global ocean (as
illustrated in Figure 3.3):
Λ(tj )k=1 = T∗ (θs , ψs , tj ) · Am ,

(3.34)

where T∗ (θs , ψs , tj ) is the topography at the sill computed at t = tj for the one water body case,
i.e., before any correction is applied to transfer water from the ocean to the lake. Successive improvements to this first guess for the volume flux across the sill are based on the computed topography on
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the lake side of the sill, Tm (θs , ψs , tj ). Recalling that the change in topography is the negative of the
change in sea level (e.g., Equation 3.4), sill topography during the iterative refinement can be written
as:

[

]
k (t )
dφ
j
Tko (θs , ψs , tj ) = T∗ (θs , ψs , tj ) − dSLk (θs , ψs , tj ) + o
,
g
]
k (t )
dφ
j
Tkm (θs , ψs , tj ) = T∗ (θs , ψs , tj ) − dSLk (θs , ψs , tj ) + m
.
g

(3.35)

[

(3.36)

Whenever Tkm (θs , ψs , tj ) is positive, more water must be transferred from the ocean to the lake,
whereas if it is negative, the transfer is from lake to ocean. Accordingly, we can write
Λ(tj )k+1 = Λ(tj )k + Tkm (θs , ψs , t) · Am ,

(3.37)

and the process is repeated until the system of equations yields Tkm (θs , ψs , t) = 0 to within a specified tolerance.
After convergence (k = ∞), the total shift in water heights during the time step tj of the simulation, required for the next time step, is given by:
δSo (θ, ψ, tj ) = δS∗ (θ, ψ, tj ) + dSk=∞
(θ, ψ, t)
o

(3.38)

δSm (θ, ψ, tj ) = δS∗ (θ, ψ, tj ) + dSk=∞
(θ, ψ, t)
m

(3.39)

We emphasize that at the end of the time step (t = tj ), the system is in a two body state, and one
moves to the next time step using the equations described in Section 3.2.2.
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3.2.3.2 Rising Sea Level: Connecting the Lake to the Global Ocean
Next, we consider the case of an initially isolated lake and ocean (Fig. 3.2), in which rising sea level
in the global ocean, local to the sill, leads to a breach of the sill (Fig. 3.4A). In the time-varying evolution of the isolated ocean and lake simulation, if at any time step the topography on the ocean side
of the sill, To (θs , ψs , t) changes sign from positive to negative, then water fluxes from the ocean to
the lake. In this case, one of two scenarios will occur: (1) if the volume of excess water in the open
ocean is sufficient to raise the lake level above the sill, the system will evolve into a one body state
(Fig. 3.4C) and a single gravitational equipotential will define the water surface; (2) if the volume
of excess water in the open ocean is not sufficient to fill the lake to the level of the sill, a flux of water from ocean to lake will occur until the ocean surface reaches the same height as the the sill, i.e.,
To (θs , ψs , t) = 0 (Fig. 3.4B).
As in the first transitional state, above, the volume flux across the sill is not known a-priori but
can be efficiently solved for iteratively. In both of the cases discussed in the preceeding paragraph,
the scheme defined by Equations (3.30) to (3.33) in Section 3.2.3.1, can be applied, but the scheme
for iteratively improving a guess for the volume flux across the sill, Λ(t), will be revised. Let us begin
with the first case.
If the volume of excess water in the open ocean is large enough to raise the surface of the lake
above the sill, a reasonable first guess for the volume flux across the time step would be:
Λ(tj )k=1 = −

[T∗o (θs , ψs , tj ) − T∗m (θs , ψs , tj )] · Ao
· Am
A

(3.40)

where, the asterisk now denotes a topography computed at the time step t = tj under the assumption that the system was in a two body state before a correction is applied to transfer water from the
ocean to lake. Physically, one is taking a uniform layer of thickness equal to the difference in height
of the ocean and lake surfaces at the sill, (T∗o (θs , ψs , tj ) − T∗m (θs , ψs , tj )), and distributing it equally
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Figure 3.4: Schematic illustration of the transition from an isolated lake and ocean to a global ocean
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across all of the new ocean area (A = Ao + Am ). As in Section 3.2.3.1, if this value was too high (i.e.,
the sea surface height in the lake becomes higher than that in the open ocean, or Tm (θs , ψs , t) is more
negative than To (θs , ψs , t)), water should be transferred from the lake to the ocean, and if it was too
low, more water should be transferred from ocean to lake. The second iterate for Λ(t) therefore
takes the form:
Λ(tj )k+1 = Λ(tj )k −

[Tko (θs , ψs , tj ) − Tkm (θs , ψs , tj )] · Ao
· Am
A

(3.41)

The process is repeated until the topography on both sides of the sill become equal to within some
tolerance, i.e., Tm (θs , ψs , t) ≈ To (θs , ψs , t). Inherent to the formulation, once this convergence
is achieved the sea surface equipotentials of the lake and ocean also become equal (

φo
g

≈

φm
g ).

At

convergence, one moves to the next time step in the sea-level theory using the equations governing
the single global ocean, described in Section 3.2.1.
If the volume of excess water in the open ocean is not large enough to fill the water deficit in the
lake, a reasonable first guess for the volume flux across the time step would be simply the volume of
excess water
Λ(tj )k=1 = −T∗o (θs , ψs , tj ) · Ao ,

(3.42)

with subsequent guesses following the form:
Λ(tj )k+1 = Λ(tj )k − Tko (θs , ψs , tj ) · Ao .

(3.43)

Convergence is reached when the ocean surface reaches the sill height within some level of tolerance,
i.e., To (θs , ψs , t) ≈ 0.
This transfer of mass in the correction procedure will generally act as a net load on the sill, since
the rise in the height of the lake will be of greater magnitude than the drop in the level of the ocean,
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and the mass flux to the lake will also gravitationally attract water toward the sill. Both effects will
lead to an increase in height of the ocean surface relative to the sill and a further, incremental breach
of the sill. It is therefore to be expected that the incremental volume flux from ocean to lake will be
positive in each iterative step.
After convergence of the iterative system of Equations (3.30)-(3.33), the total shift in water
heights during the time step tj of the simulation, required for the next time step, is given by Equations (3.38)-(3.39). We emphasize that at t = tj , the system is in a two body state.

3.3

Some Comments on Applying the New Theory

The derivations above, and the more comprehensive ones that include shoreline migration in Appendix C, implicitly assume that a method exists for computing the geographically variable sea-level
change, ΔSL(θ, ψ, t) or δSL(θ, ψ, t), driven by arbitrary changes in the surface mass loading. In
the case of 1-D linear viscoelastic Earth models, viscoelastic Love number theory (Peltier, 1974)
can be used to derive expressions for these fields; we direct the reader to Kendall et al. (2005) for expressions that incorporate deformation, gravitational and rotational effects on sea level. For more
complex Earth models and rheology, numerical schemes must be adopted to solve for them (e.g. Wu
& van der Wal, 2003; Zhong et al., 2003; Latychev et al., 2005b).

3.4

Illustrative Examples for Idealized Ocean-Lake Systems

In this section we illustrate the flexibility of the new sea-level theory with idealized examples taken
from the flooding history of the Mediterranean and the Black Seas. The simulations adopt a 1-D viscoelastic Earth model characterized by an elastic lithosphere of thickness 120 km, an upper mantle
viscosity of 5 × 1020 Pa s, and a lower mantle viscosity of 5 × 1021 Pa s. Although all the predictions
below include rotational effects on sea level, the physics at the sill is dominated by deformational
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and gravitational effects and thus we focus on the latter in the discussion below.
The complex network of basins in the Mediterranean region, combined with its diverse sea-level
history provide an ideal setting in which to apply the sea-level theory described above. In addition
to experiencing sea-level fluctuations due to the ice-age cycles of the Plio-Pleistocene, the Mediterranean region has also experienced sea-level fall due to its uniquely high evaporation rate. The evaporation rate exceeds precipitation and recharge, generating conditions which have led to the disconnection of seas in different basins and protracted periods of isolation from the open ocean.
The most remarkable example of limited connectivity between the Mediterranean Sea and the
global ocean occurred during the Messinian Salinity Crisis (MSC, 5.96 Ma). The events of the MSC
can be separated into two chronologically distinct stages (Clauzon et al., 1996). The first stage consisted of low amplitude fluctuations in Mediterranean sea level, which have been attributed to a
variety of processes, including precessionally forced variations in local climate (Krijgsman et al.,
1999, 2001; Lugli et al., 2010), the interplay between tectonic uplift and erosion at the Gibraltar sill
(Garcia-Castellanos & Villaseñor, 2011), and variations in global sea level (Ohneiser et al., 2015). In
the second stage of the MSC, the Mediterannean was completely disconnected from the Atlantic
Ocean and experienced a significant sea-level fall (Bache et al., 2015; Clauzon et al., 1996; Krijgsman
et al., 1999), followed by dramatic reflooding of the Mediterranean basins, known as the Zanclean
flood (Garcia-Castellanos et al., 2009; Periáñez & Abril, 2015).
Given the considerable controversy and uncertainty associated with both the timing and magnitude of each of these events, as a simple first example, we apply the new sea-level framework to
consider a sinusoidal fluctuation in global sea level of magnitude 100 m driven by far field ice mass
changes acting on modern day topography (Fig. 3.5). A sea-level fall of this magnitude is sufficient
to expose the sill at the Gibraltar seaway (set to an initial depth of 60 m), thus isolating the Mediterranean “lake” and pushing the system into a two water body state. Once the Mediterranean Sea has
become isolated, it is subject to evaporative flux, representing the combined effect of evaporation,
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Figure 3.5: Sea level at the Gibraltar sill for a sinusoidal fluctuation in global sea level of 100 m. a) Global
mean average height of water removed from the global ocean through time. b) Sea level on both the Atlantic
Ocean side and the Mediterranean Sea side of the Gibraltar sill. c) Number of isolated water bodies present in
the system.

river run-off and precipitation. Here we choose a value of 0.4 m/yr for evaporative flux, in line with
estimates for the Messinian period (Gladstone et al., 2007). As sea level in the open ocean rises again
to the level of the Gibraltar sill, the sill is overtopped in a catastrophic flood and the system transitions back to the one water body state.
Fig. 3.6 shows the evolution of topography at several snapshots in time. When the system is in a
two body state, topography within the maximum extent of the Mediterranean “lake” is calculated
relative to local sea surface height in the Mediterranean, as described in Section 3.2.2 (this is highlighted in Fig. 3.6B, with maximum “lake” extent outlined in black and zero “lake” topography
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A)
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C)

Figure 3.6: Evolution of topography for a sinusoidal fluctuation in global mean sea level of 100 m. Topography is shown a) 2000 years, b) 8000 years and c) 9000 years from the start of the simulation. The red star
provides the location of the Gibraltar sill. Zero topography is highlighted in black while the Mediterranean
Sea is connected to the global ocean, and in black and red for the global ocean and Mediterranean Sea, respectively, when the two water bodies are isolated from one another. While the two water bodies are isolated, the
maximum extent of the Mediterranean “lake” is outlined in black. Note, the Black Sea is masked out for the
purpose of this illustration.
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highlighted in red). In the first 2300 years of the model run, while in the one water body state, the
whole system evolves together with one global sea surface equipotential (Figs. 3.5 and 3.6A). After
the Mediterranean has become isolated, we see a significant sea-level fall in the lake due to evaporative flux, shown in Figs. 3.5B and 3.6B. During this period, the system experiences gravitational and
deformational changes in sea level associated with both the flux of water from the global ocean to
the ice sheets, and from Mediterranean evaporation to the global ocean. The latter dominates the
sea-level physics at the sill. That is, as water is removed from the Mediterranean basin, the crust at
the sill will rebound due to the reduction in local surface mass loading, and the sea surface height of
the sill will drop due to the reduction in the gravitational attraction exerted by the Mediterranean
water load on the global ocean. These effects will combine to further expose the Gibraltar sill, prolonging the period of isolation, and increasing the total sea-level fall. In this scenario, the peak sealevel fall in the Mediterranean reaches ∼2100 m over the 6000 year period of isolation (Fig. 3.6B).
Interestingly, at the peak sea-level fall, the Mediterranean “lake” is split into two water bodies by the
Sicily Sill becoming exposed. Our present formulation treats these two bodies as one, but could, in
principle, be extended to incorporate a larger number of water bodies to more accurately predict
sea-level change in the individual Eastern and Western Mediterranean basins.
At the 5000 year point of the simulation, ice begins to melt and water starts to flux back into the
ocean (Fig. 3.5A), and flooding of the Mediterranean begins ∼3400 years later (Figs. 3.5B, 3.6C).
During the flooding stage, the physics described above reverses: as water moves across the sill from
the open ocean to the Mediterranean Sea, the increased local mass load acts to depress the crust at
the sill and its gravitational pull raises the height of the sea surface equipotential in the same area.
Both of these effects increase sea level (lower topography) at the sill, producing a positive feedback,
and leading to a run-away flood that occurs within one (100 yr) timestep of the simulation. A detailed view of the evolution of topography of the region through time is provided in Video 1 of the
supplementary material of Coulson et al. (2021).
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A more recent example of dramatic sea-level change in the Mediterranean region occurred during the reflooding of the Black Sea during the last deglaciation phase of the ice age. At the Last
Glacial Maximum (LGM), 26 ka, local sea level was significantly below the Marmara and Bosphorus Straits, breaking the connection between the Black Sea and the global ocean, and transforming
the Black Sea into a freshwater or brackish lake fed by rivers and glacial melt water (Yanko-Hombach
et al., 2014). As the ice sheets retreated and water rose in the Mediterranean, eventually the sills were
breached, leading to an inflow of seawater into the Black Sea basin.
Despite significant stratigraphic and palaeontological evidence associated with this flooding
event, the nature of Black Sea flood remains uncertain. The magnitude of the flood is primarily
controlled by the pre-flood water height in the Black Sea basin, and estimates range from ∼ 100 m
below present sea level (Ryan et al., 2003; Lericolais et al., 2010; Nicholas et al., 2011) to only 3040 m below present sea level (Yanko-Hombach et al., 2014; Giosan et al., 2009). In contrast, rather
than a catastrophic flooding event, some studies argue that the reconnection between the two water
bodies was characterized by a more gradual influx of water to the Black Sea (e.g. Aksu et al., 2002a).
This theory is supported by seismic profiles and paleotonological data that suggest continual outflow from Black Sea to the Mediterranean Sea (Aksu et al., 2002b; Ferguson et al., 2018; Hiscott
et al., 2002), implying that the surface of the Black Sea remained at, or close to, the elevation of the
sill. The timing of reconnection is also controversial. Based on evidence from stratigraphy and various paleontological proxies from sediment cores, the flooding event has been dated from 12.8-7.1
Ka (Ryan et al., 1997; Major et al., 2002; Soulet et al., 2011; Yanko-Hombach et al., 2014). Geophysical modeling efforts are unable to reduce this range given uncertainties in both the height of
the sill during the flood event and the pre-flood height of the isolated Black Sea (Goldberg et al.,
2016).
Here we simulate a maximum flooding scenario for the Black Sea summarized in Fig. 3.7. From
LGM to present, global mean sea level rose ∼130 m. The Bosphorus sill at LGM is prescribed to
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Figure 3.7: Sea level at the Bosphorus sill for ice sheet retreat beginning at 26 ka, as prescribed by the ICE6G-C model (Peltier et al., 2015), and beginning with an isolated Black Sea basin. a) Global mean sea level rise
through time. b) Sea level on both the Mediterranean Sea and Black Sea sides of the Bosphorus sill.

70

A)

B)

C)

D)

Figure 3.8: Computed change in topography relative to the start of the simulation, driven by ice sheet retreat
and associated sea-level change since the Last Glacial Maximum. Snapshots show topography change a) at 15
ka, b) 11 ka, c) 9.5 ka and d) 5 ka. The red star gives the coordinates defining the Bosphorus sill. Zero initial
topography is highlighted in black.

be 90 m above the surface of the Mediterannean Sea and 100 m above the level of the Black Sea.
From this time to the present-day, our ice sheet history adopts the ICE-6G-C model (Peltier et al.,
2015). The change in topography in the region relative to the start of the simulation for time slices
encompassing the flood event in Fig. 3.8.
From 26 to 10 ka, the model is in a two water body state with evaporative flux set to zero. Thus,
there is no water flux between the Black Sea and the global ocean, and the predicted (geographically variable) change in topography in Fig. 3.8A and B is simply the result of water moving from
ice sheets into the global ocean, and the deformational and gravitational effects associated with this
load change. At 9.5 ka, the sea surface on the Mediterranean side of the Bosphorus sill rises above
the sill height, so water begins to overtop the sill. In this transitional phase the Black Sea floods, that
is, topography subsides as the system evolves into a one water body state with a single sea-surface
equipotential. At this stage, the simulation captures the sea-level change associated with both the
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melting of ice, and water flux into the Black Sea basin. The latter drives deformational and gravitational effects that act as a positive feedback on flooding, and the inundation of the Black Sea is
completed within one time step of the simulation (Fig. 3.8C). Beyond this time, continued melting,
water flux into both the Mediterranean and Black Sea, and ongoing isostatic adjustments drive further changes in the topography. A detailed view of how topography evolves through the duration of
this model is given in Video 2 of the supplementary material of Coulson et al. (2021).
To quantify the improvement in predictions generated using the theoretical treatment described
above relative to previous studies, we compare results for a simplified flooding scenario for the
Mediterranean Sea (Figures 3.5, 3.6B and C) to the approximation in Coulson et al. (2019), based
on applying the original sea-level theory of Mitrovica & Milne (2003). Figure C.3.1 shows various sea level predictions at the Gibraltar Sill through time for a scenario in which ice melting in the
global ocean raises the sea surface 5 cm above the sill, thus initiating flooding. The solid black line
on the figure represents the result of applying the new, extended sea level theory described in this
article. This application ultimately leads to a complete filling of the Mediterranean ocean basin. The
Coulson et al. (2019) treatment requires a predetermined flood volume and geometry. Specifically,
a volume of water equal to the excess volume overtopping the sill in the global ocean is transferred as
a uniform layer into the Mediterranean and no further flooding, or redistribution of flood water, is
considered. In this case, adopting the approximation leads to a gross underestimation of the volume
of water entering the Mediterranean Sea relative to the new theory and a prediction of only minor
sea-level rise at the Gibraltar sill (red dash-dot line in Figure C.3.1). In an effort to improve the accuracy of this approximate treatment, we once again prescribe the volume and geometry of the flood,
but using insight gained from our extended theory, we assume a water load precisely equal to the
volume and geometry of the initial (unflooded) Mediterranean (shown in dashed blue). Once again,
no redistribution of floodwater or further flooding is considered. This yields a prediction with an
error of order 10% at the Gibraltar Sill. This error arises due to the neglect of both the additional
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volume of water that flows into the Mediterranean ocean basin, and the redistribution of water in
the Mediterranean as the crust deforms and the sea surface equipotential evolves; both processes are
captured using the new, gravitationally self-consistent treatment. We have also performed tests for
the case of an emptying Mediterranean Sea with an evaporation rate of 4 m/yr, comparing removal
of water according to the changing gravitational equipotential (in the extend theory) with removal
of uniform sheets of water defined by the initial bathymetry of the Mediterranean Sea (Coulson
et al., 2019). This yields inaccuracies on order of 10% at the Gibraltar sill from the beginning of the
simulation. In both Coulson et al. (2019) and Goldberg et al. (2016), volume changes due to sill
breach and/or evaporation, as well as their timing, are treated as known a priori, and volume changes
are relatively small, thus these errors are mitigated.

3.5

Final Remarks

The importance of including isostatic adjustment and gravitational effects associated with water
redistribution to and from isolated basins in calculations of local sea-level change has been demonstrated in the literature, particularly in the Mediterranean region. Govers (2009) and Govers et al.
(2009), for example, estimated the uplift associated with a large sea-level fall in the Mediterranean
Sea, while Coulson et al. (2019) extended this to also include gravitational effects associated with
mass flux in and out of the Mediterranean Sea and focused on quantifying the impact of these effects on the dynamics of the Gibraltar sill. Lambeck et al. (2007) and Goldberg et al. (2016) used
ice-age sea-level models to explore the timing and location of sill breach in the Black Sea flood, but
neither study included a fully gravitationally self-consistent treatment of the flood event. Clark et al.
(1990) predict uplift across the Great Lakes during the last deglaciation. To do so, they track individual elevation curves for potential lake outlets and calculate the location of the lowest ice-free
outlet to infer drainage history. Their approach used a simplified sea-level model and does not ac-
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count for load changes generated by water flowing through and out of the lake system. Clark et al.
(2007) and Lambeck et al. (2017) developed algorithms to deal with scenarios in which water draining from an ice sheet enters a pro-glacial lake on land (or on ice), rather than immediately draining
to the global ocean. Their methods ensure conservation of the surface mass load, but do not separately track the varying gravitational equipotential for each lake.
We provide the first complete gravitationally self-consistent sea-level theory that incorporates
mass transfer both between ice sheets and the global ocean, and the global ocean and an intermittently disconnected and connected lake. Our framework extends the generalized sea-level theory of
Mitrovica & Milne (2003) to capture the evolution of a one body (global ocean) system, a two body
(ocean-plus-lake) system, and transitions in both directions between these two end states. The theory allows all deformational, gravitational and rotational effects of the surface mass loading of an
arbitrary viscoelastic planet to be accounted for via a term describing change in sea level over time.
For 1-D viscoelastic Earth models, this term can be expressed and computed using Love number theory, while for more complex Earth models a range of higher level computational methods have been
developed in the ice-age sea-level literature to calculate it. The sea-level equations we have derived
also account for evaporative mass transport across the sill during periods when the system is in a two
water body state. The timing of the flooding of the lake, or its isolation from the open ocean, are
governed entirely by the evolving system - the timing of these events is not prescribed. That is, once
initial topographies, Earth model, ice history and evaporative transport are prescribed, these events
occur when the evolving system predicts that the ocean surface reaches the sill height from below or
above, respectively.
In a final section we present calculations for idealized ocean-lake systems that demonstrate the
importance of including geographically variable sea-level changes in the filling or emptying of an isolated basin, particularly at the location of the sill (see also Coulson et al. (2019)). In these scenarios,
geophysical processes associated with sea-level fall within an isolated basin act as a positive feedback,
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reducing sea level further at the sill and extending the period of isolation. The same is true in the
case of sill overtopping and lake flooding: in this case, positive feedbacks act to escalate flooding. In
fact, in both the Black Sea and Mediterranean test cases, we found that once flooding begins, the
positive feedbacks associated with crustal subsidence and increased gravitational attraction toward
the lake lead to complete basin refilling within one time step of the simulations. These results indicate that the time scale of flooding will, in many cases, be limited only by the efficiency of water flux
across the sill, rather than by water availability.
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4

A Catastrophic End to the Gradual

Flooding Hypothesis: Self-Perpetuation of
Ice-Age Floods

4.1

Introduction

Rising global mean sea level during deglacial periods is frequently accompanied by episodes of
megaflooding. During the last deglaciation, numerous megafloods were initiated by glacial lake outbursts or overtopping of sills that had previously isolated regions of low sea level. Notable examples
include the reflooding of the Black Sea, the Caspian Sea, and the Persian Gulf. Evidence for flooding
This preliminary work is coauthored with David Al-Attar and Jerry X. Mitrovica

76

in previous deglacials has also been identified in the English Channel, indicating outburst flooding
across the Dover Strait from a large meltwater lake. Despite some stratigraphic and paleontological evidence associated with these flooding events, the timing and nature of flooding often remains
uncertain.
The so-called “sea-level equation”, developed over the last half century in the ice-age dynamics
literature (e.g. Farrell & Clark, 1976; Mitrovica & Milne, 2003; Kendall et al., 2005), has been used
extensively to explore Earth’s sea-level response to mass flux from continental ice sheets and glaciers.
However, the geodynamic effects that occur during a period of ice sheet growth also occur during
the filling of a previously isolated ocean basin (hereafter referred to as “lake”), with the added complication that, in contrast to an ice sheet, water filling a lake will readjust as its gravitational equipotential is perturbed due to all mass redistribution on Earth’s surface. Specifically, once flooding of a
lake initiates, it creates a load which acts to depress the crust and gravitationally attract water from
the open ocean; both effects raise sea level at the sill. Thus, more water becomes available to overtop
the sill and a positive feedback loop is generated (Figure 4.1).
Coulson et al. (2021) showed that for certain cases of Mediterranean and Black Sea flooding, this
flood feedback loop is significant enough to lead to complete filling of the lake in a very short period of time, indeed a single time step in the numerical predictions. However, the sea-level physics
involved in the process, and its potential role in catastrophic flood dynamics were not fully explored.
In this chapter we use the extended ice-age sea-level equation of Coulson et al. (2021), a generalized
theory governing gravitationally self-consistent, spatio-temporal sea-level changes within an oceanplus-lake system, to assess the role of deformational and gravitational feedbacks on catastrophic
flooding. We begin with an idealized Earth system to start to map out the parameters controlling
whether a two body, ocean-lake system will experience runaway flooding, as opposed to partial filling of the lake, before discussing the relevance of the results to historical examples of megaflooding.

77

Melt Water
Λ1(t)

Figure 4.1: Schematic demonstrating the feedback on flooding. The larger basin on the left represents the
global ocean (to which melt water from an ice sheet that is not shown is able to flux), while the smaller basin
on the right represents a disconnected lake. After an initial water load spills over from the ocean to lake, subsidence and gravitational attraction cause elevated sea level at the sill, allowing more water to spill over, and so
on (right).

4.2

Quantifying Flooding Potential for the Generalized Case

To explore the physics of flooding for the most generalized case, we perform simulations for an idealized two water body system (e.g. Figure 4.2). The physics of the system is simplified in two ways
relative to the general case (Coulson et al., 2021). First, perturbations to the Earth’s rotation axis
are neglected, and second, the topography of the ocean and lake are defined by steep cliffs so that
sea-level changes do not lead to lateral migration of shorelines through time. Melt water enters the
ocean from a thin ice sheet that covers the whole surface of the planet, ensuring that localised deformational and gravitational signals associated with unloading of the ice sheet do not play a role
in these simulations. We consider a simple Maxwell viscoelastic Earth model with elastic structure
defined by PREM (Dziewonski & Anderson, 1981), a uniform mantle viscosity of 1021 , and litho-
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Figure 4.2: Initial and final topography for a simulation with ocean radius four times that of the lake radius,
with a 10,000 m deep lake. (Note: Topography within the maximum extent of the lake is referenced relative
to sea level within the lake, whereas topography elsewhere is reference relative to sea level in the ocean.)

spheric thickness of 71 km. In the results presented here, we isolate the elastic response (to first order) by only considering the first time step of the full viscoelastic calculation.
Synthetic topography is generated with a circular depression at the equator, of 2000 m radius,
which defines the lake (Figure 4.2, left). The ocean is also circular, with a radius that will vary across
the simulations, and is connected to the lake by a small sill. In its initial state, the ocean surface is 10
cm below the depth of the sill in the ocean. In a first set of tests, we fix the ocean depth to 1000 m
and vary both the ratio of ocean-radius to lake-radius and the height of water added to the ocean in
order to breach the sill. For each simulation, the volume of the latter is prescribed by the amount of
melt water entering the ocean. For each combination of ocean-to-lake radius ratio and the imposed
ocean height above sill, we calculate the height of water that would enter the lake if it was infinitely
deep, hereafter referred to as a “potential flood height” (note that this quantity does not depend
on the initial depth of the lake). Whether the lake completely fills in one time step (or not) thus
depends on whether the depth of the lake is smaller (or larger) than the potential flood height.
Figure 4.3 shows the calculation of potential flood height for a series of simulations in which we
vary the ocean:lake radius ratio from 2:1 to 4:1 and impose a water height above the sill on the ocean
side of 13.4 cm. For all simulations tested, the volume of the potential flood calculated is significantly more than the volume of water above sill topography on the ocean side at the beginning of
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the simulation. As discussed above, a lake will fill completely if the potential flood height exceeds the
initial distance between the lake surface and sill. For example, at the ratio 3.75 the potential flood
height is ∼30 m, whereas it reaches ∼13 km for the ratio 3.85. The right frame of Figure 4.2 shows
the sea-level change associated with the case of an initial sill-to-lake surface distance of 10 km. Since
the ratio of ocean-to-lake radius is 4 in the figure, the lake will completely fill in a single time step
of the simulation due to (elastic) deformation and gravitational effects associated with this deformation and the ocean-to-lake mass flux. The 10 km rise in the height of the lake at the location of
the sill is, of course, larger than any realistic case study on Earth, but the example, and Figure 4.3
highlight the highly non-linear nature of the relationship between the potential flood height and the
ratio of ocean-to-lake radius. We emphasize that the results in Figure 4.3 are specific to the case of a
2000 m radius lake, and an imposed ocean height above the sill of 13.4 cm.
Figure 4.4 explores a range of initial ocean heights above the sill for the two example simulations
highlighted in red in Figure 4.3, i.e., ocean:lake radius ratios of 4:1 and 3.75:1. For both of these
ratios, a linear relationship exists between the potential flood height and the initial water height
above the sill. In the case of a ratio of 4:1, all initial water heights tested would lead to a complete
filling of the lake if the initial elevation difference between the lake surface and sill was <12 km.
Moreover, varying the initial water height by a few meters leads to a variation in potential flood
height of several tens of meters. For an ocean:lake radius ratio of 3.75:1, none of the test cases would
lead to full flooding of the same lake; however, a small change in initial water height leads to a large
change in potential flood height. For example, increasing the initial water height by 2.5m leads to a
flood almost 600 m larger in height.
Finally, to gain insight into the viscous processes acting on flood dynamics, we allow the simulations presented in both Figure 4.3 and Figure 4.4 to evolve through a further nine 100-year
time steps, with no additional changes in ice volume. All simulations with ocean:lake radius ratio
of 3.75:1 or higher produced a final potential flood height of >10 km. These results suggests that

80

105

Potential Flood Height (m)

104

103

102

101

100

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

Ocean Radius/Lake Radius

Figure 4.3: Potential flood heights for a range of ocean radii, for a fixed initial water height above sill of 13.4
cm. Points outlined in red are explored further in Figure 4.4.
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ratios of 4 : 1 and 3.75 : 1 (highlighted in red, Figure 4.4).
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when viscous effects on sea level are included, the positive feedback on flooding becomes stronger, as
one would expect given that these effects will increase the crustal subsidence at the sill. Thus, a larger
subset of flood parameters will generate catastrophic flooding.

4.3

Summary and Outlook

Although preliminary in scope, the results presented here demonstrate that deformational and gravitational perturbations to sea level associated with flooding of an isolated ocean basin generate strong
feedbacks that amplify flooding. These feedbacks affect all flooding scenarios that we tested, and
lead to complete flooding for all realistic lake depths in cases where the ocean:lake radius ratio is
3.85:1 or greater for an imposed ocean height above the sill of 13.4 cm. Initial results suggest this
threshold ratio will decrease when accounting for time-evolving viscous deformation. Potential
flood height shows a linear dependence on the imposed ocean height above the sill.
Future work will generalize the simulations presented in Figure 4.3 to consider different absolute
sizes of the lake. Moreover, using an inviscid fluid-Earth formulation, we will explore the size of
computed flooding after isostatic equilibrium is reached, to determine if, for scenarios in which
catastrophic flooding does not occur in the first (elastic) timestep, complete flooding may occur later
with no additional flux from ice sheets. This will allow us to place lower bounds on both ocean area
and initial water height for eventual catastrophic flooding cases. Thorough examination of these
parameters will yield a mapped distribution that can be used to determine if complete flooding is
likely for given ocean and lake sizes. The linear relationship observed between initial water height
and potential flood height should ultimately allow a simple set of scalings to be developed that could
be used to predict flood magnitudes from observations of approximate lake area and sea-level change
in the global ocean.
The theoretical bounds explored here have dramatic implications for historical flooding events.
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Preliminary results suggest that for any sill breach where the flooding lake has an area less than
∼1/15th of the area of the connecting ocean, the time scale of flooding will be limited only by
the efficiency of water flux across the sill. This result applies to numerous scenarios where an isolated ocean basin is flooded by sill breach from the global ocean, for example the reflooding of the
Mediterranean during the Messinian Salinity Crisis, and the reflooding of the Black Sea, Red Sea
and Persian Gulf during the Pleistocene ice-age cycles. The range of behaviours explored will also
provide valuable insight into flooding from constricted basins such as the flooding of the Caspian
Sea and flooding across English channel.
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5

The Global Fingerprint of Modern
Ice-Mass Loss on 3-D Crustal Motion

5.1

Introduction

The global rate of ice loss has increased by ∼ 60% since the 1990’s and now totals ∼ 0.8 − 1.2 trillion tonnes per year, with almost half of the ice melt between 1994-2017 occurring in grounded sectors of the Antarctic Ice Sheet (AIS), the Greenland Ice Sheet (GrIS) and mountain glaciers (Slater
et al., 2020). In addition to being a key contributor to the recent acceleration of global mean sealevel rise (Church et al., 2013) and regional variability in sea-level change (Mitrovica et al., 2001;
Tamisiea et al., 2003; Hay et al., 2015), this redistribution of mass between continents and oceans
A version of this chapter is under review as a manuscript coauthored with Mila Lubeck, Jerry X. Mitrovica, Evelyn Powell, James L. Davis and Mark Hoggard in Geophysical Research Letters.
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results in significant, and time varying, crustal deformation. Indeed, with the advent and improvement of relatively low-cost Global Navigational Satellite System (GNSS) surveying, it was quickly
recognized that geodetic measurements of crustal uplift in the vicinity of ice melting could be an
important tool in efforts to monitor the mass balance of ice sheets and glaciers in a progressively
warming planet (Hager, 1991).
Following the suggestion of Hager (1991), an extensive body of literature has developed involving the collection and/or analysis of crustal deformation rate measurements at sites proximal
to ice sheets (e.g. Simpson et al., 2011; Bevis et al., 2012; Spada et al., 2012; Nielsen et al., 2013;
Thomas et al., 2011; Nield et al., 2014; Martín-Español et al., 2016; Martin-Español et al., 2017;
Zhao et al., 2017; Barletta et al., 2018), and glaciers (e.g. Sato et al., 2011; James et al., 2009; Auriac
et al., 2013; Richter et al., 2016). The goals of these studies has varied, but have commonly ranged
from observation-validated modeling of localized uplift (e.g. Simpson et al., 2011; Spada et al., 2012;
Martín-Español et al., 2016; Thomas et al., 2011), to estimating local mass balance (e.g. Nielsen
et al., 2013; Martin-Español et al., 2017). As the field has advanced, studies have elucidated more
complex processes; authors have focused on constraining regional viscoelastic Earth structure (e.g.
James et al., 2009; Barletta et al., 2018), and disentangling deformation signals driven by modernday melting from ongoing from glacial isostatic adjustment (GIA) in response to the last deglaciation (e.g. King et al., 2010; Spada et al., 2012; Wake et al., 2016).
However, the impacts of melting ice on the Earth system have a global reach. So-called “far-field”
effects (which we loosely define as those that occur at a distance beyond ∼ 1000 km from the ice
melt) have long been recognized in GIA studies of sea-level change (e.g. Peltier & Andrews, 1976;
Mitrovica & Milne, 2002; Lambeck et al., 2014; Wu & Peltier, 1983) and crustal deformation (e.g.
James, 1991; James & Lambert, 1993; Mitrovica et al., 1994b; Latychev et al., 2005a). Moreover, in
the context of modern global change, the rapid melting of ice sheets and glaciers drives significant,
global-scale geographic variability in sea-level change (and its two bounding surfaces - the sea surface
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and solid earth surface) that have come to be known as sea-level fingerprints (e.g. Clark & Lingle,
1977; Plag et al., 2001; Mitrovica et al., 2001).
The study of Tamisiea et al. (2003) was the first to predict the global scale fingerprints of modern
ice sheet melting in Greenland and Antarctica on vertical land motion (henceforth VLM). More
recently, Riva et al. (2017) compiled estimates of ice-mass changes in Greenland, Antarctica and
mountain glaciers through the last century, and predicted VLM of several tenths of a millimetre
per year across large continental areas. Patterns of VLM associated with modern melting have since
been observed in GNSS datasets, and been estimated and corrected for in these data as well as in tide
gauge measurements (Frederikse et al., 2019), with the goal of constraining ongoing GIA (Schumacher et al., 2018). Both predictions and observations of VLM from modern mass loss indicate
large temporal variability, over time periods of several years, as well as significant spatial variability
(Riva et al., 2017; Frederikse et al., 2019). Finally, Ludwigsen et al. (2020) demonstrated that the
VLM signal of Arctic ice mass loss reached amplitudes of 0.5-1.0 mm/yr over the 2003-2015 time
period across high latitude polar regions.
Despite the recent emphasis placed on accurately modeling and analyzing VLM driven by modern ice melting, no previous studies have estimated the accompanying horizontal crustal motions.
This omission is surprising given that published work on GIA-induced crustal deformations (e.g.
James, 1991; James & Lambert, 1993; Mitrovica et al., 1994b; Latychev et al., 2005a) indicate that
horizontal motions can exceed their vertical counterparts in far-field regions, and, additionally, uncertainties in GNSS estimates of the former are typically a factor of ∼ 2 − 3 smaller than the latter.
Herein, we present global predictions of 3-D crustal motions in response to mass changes in polar
ice sheets and glaciers over the 21st century, though we focus our discussion on the far-field signal.
Our calculations include the associated sea-level changes in specifying the full surface mass load.
Incorporating horizontal motion data into geophysical analyses of GNSS measurements has the potential to improve a range of applications, including estimating ice mass changes, constraining Earth
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models and isolating GIA signals in the crustal deformation field.

5.2

Predictions of 3-D Crustal Motion

Our predictions of three-dimensional deformations arising from surface ice-mass and ocean loading adopt a spherically symmetric (i.e., depth varying) Earth model. The calculations are based on
elastic Love number theory (Mitrovica et al., 1994a; Farrell, 1972). We adopt the elastic and density structure of the Earth given by the seismic model PREM (Dziewonski & Anderson, 1981) and
incorporate rotational effects using now-standard approaches (Milne & Mitrovica, 1998; Mitrovica et al., 2005). Gravitationally self-consistent sea-level changes are included using the pseudospectral algorithm described by Kendall et al. (2005) with a truncation at spherical harmonic degree
and order 512. Crustal motions are referenced relative to an origin located at the center of mass of
the deformed planet (Mitrovica et al., 1994a). To gain insight into the physics of far-field effects,
we will individually consider horizontal and vertical surface motions generated by recent mass loss
from three of the main contributors to modern-day sea-level rise: GrIS, AIS and a global database of
mountain glaciers. Total crustal rates can be computed by simply summing these contributions.

5.2.1 Greenland
Figure 5.1 shows the predicted average annual surface motion in response to recent GrIS mass loss,
computed using published estimates of mass balance from satellite altimetry datasets. Specifically,
we utilize the yearly average mass change in GrIS (2013-2019) from an analysis of NASA’s ICESat
and ICESat-2 data given in Smith et al. (2020). This allows prediction of the average crustal motions
due to ice and ocean mass changes over the 16 year time period. Horizontal crustal motions in the
vicinity of Greenland are not shown in order to highlight the far-field response.
As explored in detail in recent literature, within south and west Greenland and bordering the
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Figure 5.1: Predicted average crustal deformation rates generated by melting of the Greenland Ice Sheet from
2003-2019. Areas of North America and Europe insets are highlighted in black rectangles on the global map.
Vertical motion is given by the orange-purple color scale and tangential motions are represented as arrow
vectors. Points close to the region of mass loss are excluded in the latter field.

ocean, average crustal uplift rates on the order of several mm/yr are predicted (e.g. Simpson et al.,
2011; Spada et al., 2012), whereas northeast Greenland, an area of ice accumulation, experienced
subsidence at rates up to ∼1 mm/yr. At slightly further distance, for example across Iceland, Baffin
Island and other sites in Arctic Canada, the average predicted uplift rates lie in the range of 0.4-1.0
mm/yr. There is a further decrease in magnitude, to 0.0-0.4 mm/yr, across the rest of Canada and
0.0-0.2 mm/yr in Fennoscandia and northern Europe. Our global predictions are characterized by
minor subsidence (< 0.1 mm/yr) across the equator and uplift at high southern latitudes.
Significant tangential motions are predicted across North America, the North Atlantic Ocean
and northern Eurasia, with large gradients in magnitude moving southward. Tangential motions
largely follow a northward trend in the Atlantic ocean, turning sharply to the east and west above
∼ 40◦ N. Figure 5.1 insets focus on these trends as they are expressed over North America and
Europe. Moving from northwest Canada toward the western US, the magnitude of the average
horizontal rates decreases gradually from 0.3 mm/yr to less than 0.05 mm/yr. Similarly, average
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horizontal rates decrease from maximum values near 0.2 mm/yr in Norway to less than 0.05 mm/yr
in southern Europe.
Figure 5.2 explores the variation in predicted horizontal surface motions through time. These
predictions are calculated using maps of Greenland ice mass change derived from GRACE gravity field coefficients (CSR, Release 6.0, University Of Texas Center For Space Research (UTCSR),
2018). Following the methodology of Harig and Simons (Harig & Simons, 2012; Bevis et al., 2019),
we transform the GRACE geopotential coefficients into surface mass density, subtracting a modeled signal associated with GIA, and project the resulting fields onto a Slepian basis to reduce the
signal to noise ratio. This allows for the calculation of gridded yearly ice histories for the period
2003-2015. Figures 5.2 A,D show average motions over the modelled period (analogous to insets
in Figure 5.1), whereas B,D show predicted horizontal motions for the year 2010, to illustrate the
patterns predicted in years of high mass-loss. Colored markers in map view identify two sample locations in each geographical area, whose tangential motion is tracked through time in Figures 5.2 C,F.
The temporal trend in predicted tangential motions exhibits considerable year-to-year variability
that largely correlates with trends in total mass balance inferred from the analysis of the GRACE
measurements. During years of low melt, for example 2003, predicted horizontal motions at the
four selected sites are ∼0.1 mm/yr, however, in the period 2010-2012, motions at the same locations
are a factor of ∼3 larger, and are generally in the range ∼0.2-0.3 mm/yr. During these years of high
GrIS mass loss, tangential motions of ∼0.2-0.4 mm/yr are pervasive throughout large portions of
North America and western Europe (Figures 5.2 B,E). It is interesting to note that both average and
yearly predicted horizontal motions across most of Canada and parts of Europe exceed the predicted
vertical motions that have been a focus of recent geophysical literature (Riva et al., 2017; Frederikse
et al., 2019; Ludwigsen et al., 2020).
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Figure 5.2: A,D) Predicted average crustal deformation rates, across North America and Europe respectively,
generated by melting of the Greenland Ice Sheet from 2003-2015 inferred from an analysis of GRACE gravity data (see text). B,E) Predicted crustal deformation rates across the same regions during 2010, a year of
relatively high mass loss. Vertical motion is given by the orange-purple color scale and tangential motions are
represented as arrow vectors. Blue and green circles highlight the specific locations explored in more detail
in C,F. C,F) Tangential motion predicted at specific sites through time. (C corresponds to North American
sites, while F corresponds to European sites). The average rate of motion for each location is given as a dashed
line in the corresponding color.
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5.2.2 Glaciers
Figures 5.3 and 5.4 explore crustal motion generated by global glacier melt from 2003-2013. The
predictions are calculated using a database of yearly mass balance for 17 glacier systems generated
from projections using observation-validated climate modeling (Marzeion et al., 2012). We pair the
mass balances with static glacier outlines from the Randolph Glacier Inventory (RGI Consortium
and others, 2017) to establish a complete history of glacier evolution, and solve for sea-level variations to specify the full surface mass load. The global crustal motion field predicted from this exercise is largely dominated by ice mass changes in the Arctic and northern North America. Notable
exceptions are southern Asia and South America (not shown), where horizontal crustal motion is
characterized by a localized, outward-directed, spoke-like pattern surrounding the Himalayan and
Patagonian glacier systems, respectively.
The pattern of deformation directly surrounding the Arctic glaciers, and their effect on northern
Europe, Asia and North America is shown in Figure 5.3. Outside of regions in close proximity to
ice mass changes, peak crustal uplift rates reach 0.1-0.3 mm/yr across northern North America and
Eurasia depending on the yearly average glacial mass balance of Arctic glaciers. Average tangential
motions in these regions are largely directed northward toward Arctic glaciers, although there is
some influence from Alaskan glacier melting (Figure 5.4), and have magnitudes of ∼0.1 mm/yr,
with significant year-to-year variations in magnitude and direction. In years of maximum ice loss,
tangential motions across North America can reach ∼0.15 mm/yr (excluding the region directly
surrounding the Alaskan glacier, where the rates can be higher; Figure 5.4). All predictions show
large north-south gradients in tangential motion across the North American continent.
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Figure 5.3: Predicted crustal deformation rates across northern high latitudes in response to ice-mass changes
from a global database of glaciers. Frames show predictions during the years of maximum (2011) and minimum (2008) mass loss, as well as the 2003-2013 average. Vertical motion is given by the orange-purple color
scale and tangential motion is represented as arrow vectors. Horizontal motions at sites close to the region of
mass loss are excluded. (While this polar projection highlights high latitude glacier systems, deformation from
all glacial ice-mass changes globally is included in the predictions.)
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Figure 5.4: Predicted crustal deformation rates across North America in response to ice-mass changes from
a global database of glaciers. Frames show predictions during the years of maximum (2011) and minimum
(2008) mass loss, as well as the 2003-2013 average. Vertical motion is given by the orange-purple color scale
and tangential motion is represented as arrow vectors.

5.2.3 Antarctica
We predict crustal deformation rates generated by a mass flux history across the Antarctic Ice Sheet
constructed by Martín-Español et al. (2016). These are shown in Appendix D Figure D.1. Their
ice history over the period 2003-2013 was derived by combining observations of satellite gravimetry
and altimetry, as well as surveying using GNSS. We find that these ice-mass changes led to far-field
crustal motions that were smaller than those driven by GrIS or high latitude glacier systems. While
relatively significant mass loss from ice sheets and glaciers occurred across West Antarctica and the
Antarctic Peninsula, these losses were partially compensated by mass gain in East Antarctica between 2003-2013 (Martín-Español et al., 2016). The variation in geometry and net magnitude of
mass change across the AIS was also highly variable through time; for example, while some areas
of both the East and West Antarctic ice sheets accumulated mass during years of low net melt (e.g.
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2005), they experienced significant mass loss during later years (e.g. 2010). The net effect is that the
magnitude of predicted crustal motions averaged across the 2003-2013 time period is muted. The
largest far-field crustal motions generated by AIS mass changes occur at sites across the southern
Pacific Ocean.

5.3

Discussion and Conclusions

Crustal motions are a key observable in a multitude of geodynamic applications, ranging from
earthquake and volcanic hazard monitoring, to continental scale tectonics and GIA, and a large
body of literature has focused on modeling and disentangling the signals from each of these mechanisms. In the context of GIA, calculations in Fennoscandia based on 1-D viscoelastic Earth models
have accurately reconciled 3-D crustal deformation rates estimated from the BIFROST GNSS network (e.g. Milne et al., 2001; Johansson et al., 2002; Milne et al., 2004) and ruled out reactivation
of faulting within the region. Analogous GIA model-data comparisons for North American sites
away from tectonic influence have yielded good fits to vertical rates but large misfits in the horizontal component of deformation (Argus et al., 1999; Sella et al., 2007). There is evidence that these
misfits may arise from limitations in simplified Earth models used in the GIA simulations (Latychev
et al., 2005a; Peltier & Drummond, 2008), but a full understanding of the cause of these misfits
has yet to emerge. Crustal deformation in areas associated with the combined effects of ancient
and modern melting has also been an active area of study, including in glacier systems (e.g. Sato
et al., 2011; Auriac et al., 2013), Greenland (e.g. Simpson et al., 2011; Khan et al., 2016; van Dam
et al., 2017; Milne et al., 2018; Kappelsberger et al., 2021) and the Antarctic (e.g. Bevis et al., 2009;
Thomas et al., 2011; Zhao et al., 2017). Other studies have focused on separating the effects of deformation generated by modern melting and regional scale tectonics (Turner et al., 2020; Elliott
et al., 2010; Árnadóttir et al., 2009). A general aspect shared by all these studies is that they only
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considered sites in the near field of the ice mass flux.
Several studies have investigated the signature of recent melting on far-field vertical land motion
(e.g. Riva et al., 2017; Ludwigsen et al., 2020). Despite some differences in methodology, our predictions show good agreement with the spatial variation and magnitude of vertical deformation
rates presented by Riva et al. (2017). Moreover, they support the earlier study’s conclusion that it
is important to account for the VLM signal in GNSS data at sites well away from present-day ice
cover, particularly in the Northern Hemisphere where the motions generated by mass loss from
GrIS and Arctic glaciers are large. In the present study, we have extended this earlier work to show
the first global predictions of the full 3-D crustal motion field induced by recent ice-mass changes in
the polar ice sheets and mountain glaciers. Using reconstructions of Greenland ice history over the
period 2003-2019, we predict average vertical motions up to 0.4 mm/yr across the Northern Hemisphere. Tangential rates of 0.05-0.3 mm/yr are predicted across most of Canada and the US, and
rates in the range 0.05-0.2 mm/yr are predicted in Fennoscandia and Europe. The melting of Arctic glaciers also produces pervasive horizontal motions with magnitude up to 0.15 mm/yr (average
2003-2013) across the high latitudes. Both of these sites of ice mass change drive large gradients in
horizontal and vertical motion across the northern hemisphere, with significant year-to-year variability in their magnitudes and directions.
These far-field horizontal rates have not been accounted for in any study of GNSS data, despite
the higher accuracy of horizontal versus vertical rate determinations. The magnitude of both horizontal and vertical rates driven by modern melting suggests that a reappraisal of some previous
results may be warranted. As an example, analyses of BIFROST data have inferred viscoelastic structure beneath Fennoscandia from the estimated 3-D crustal rates (e.g. Milne et al., 2004; Kierulf
et al., 2014) and have used the vertical component of these rates to correct local tide gauge (sea-level)
records for the contaminating signal of GIA (e.g. Davis et al., 1999; Johansson et al., 2002). The
possible systematic bias introduced in these applications by the neglect of 3-D crustal rates associ-
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ated with modern melting, in particular from Greenland and Arctic glaciers, should be considered.
This effort will be aided by the temporally variable nature of the signal associated with modern iceocean mass flux.
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6

Conclusions and Future Work

This thesis demonstrates that including the effects of mass redistribution within the Earth’s mantle
and perturbations in the Earth’s gravitational field in modeling studies can dramatically alter the
dynamics of regional and global sea-level change and ice sheet stability during critical climate events
in Earth’s recent history. A great deal of work remains to fully understand the range of interactions
between the solid-Earth, sea-level change and ice sheet dynamics; I summarize the main conclusions
of this thesis and outline future directions of my work in the following.
In Chapter 1, I used mantle convection simulations based on ASPECT to predict dynamic topography rates since 5 Ma on Baffin Island. These predictions, in combination with geological
observations of tilted peneplanation surfaces, suggest uplift across Baffin Island since at least the
Pliocene. I posit that this process, acting in tandem with true polar wander and continental drift
(Daradich et al., 2017), cooled regional climate and altered snow patterns, priming Baffin Island for
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glacial inception ∼2.7 Ma. To further quantify the effects on local climate, future work will involve
working with collaborators to perform regional climate modeling that accounts for both the northward migration of Baffin Island and the time-evolving elevation gradient, to determine the extent to
which these geodynamic processes altered precipitation patterns and therefore accumulation rates
across the island’s ice caps. The state-of-the-art dynamic topography predictions developed for this
study also lend themselves to several other problems related to ancient ice sheet stability . For example, I hope to apply these modeling techniques to determine whether uplift (or subsidence) across
Prydz Bay, and other sensitive regions of the East Antarctic Ice Sheet, may have affected the position
and slope of the grounding line and therefore ice-mass flux during the mid-Pliocene warm period.
Longer timescale dynamic topography predictions generated using adjoint methods may also provide insight into the role of bedrock topography changes in the initiation of the Antarctic ice sheet
during the Eocene.
Chapter 2 focused on assessing the deformational and gravitational perturbations to sea-level
associated with cyclic water load changes in the Mediterranean Sea during the Messinian Salinity
Crisis. I showed that, at the Gibraltar Sill, the effect of these processes is particularly significant; sealevel changes at the sill were predicted to be of opposite sign to the eustatic sea-level change used in
previous studies. By coupling the sea-level model with an uplift and erosion model for Mediterranean sea-level cyclicity (Garcia-Castellanos & Villaseñor, 2011), I demonstrated that sea-level
physics creates a positive feedback on flooding and desiccation, therefore reducing the uplift rates
necessary to generate cyclic sea-level change. The first Messinian stage sea-level changes were not
the only unusual loading events during the crisis. In ongoing work with Hanneke Heida (ICTJA,
Barcelona), I am quantifying the deformational response of the solid-Earth and perturbations to the
gravitational field associated with a slow increase in density of the Mediterranean water column, due
to increasing salinity as the basin became restricted, and subsequent deposition of evaporite layers.
In Chapter 3, I present the first complete gravitationally self-consistent theory for spatio-temporal
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sea-level changes within an ocean-plus-lake system intermittently connected by water flux across a
sill, valid for a viscoelastic planet of arbitrary complexity. One of the key findings of this study is
the positive feedback that acts to escalate flooding. In Chapter 4, I explore the parameters controlling flooding, and determine that for all flooding that occurs by sill breach into a lake with area less
than ∼1/15th that of the connecting ocean (i.e., all events characterized by flooding from the global
ocean), the time scale of flooding is limited only by the efficiency of water flux across the sill. Once
these results are generalized and the parameter space fully mapped, the research suggests many exciting follow-on studies. For example, used in combination with constraints on post-LGM GMSL, the
extended sea-level theory may provide insight into the timing of the flooding of the Marmara and
Black Seas, and the Persian Gulf; the latter has previously been assumed to flood gradually over several thousands of years (Lambeck, 1996). A long term goal is to work with Konstantin Latychev
(Harvard University, UC Berkeley) to incorporate the extended sea-level equation into a finitevolume code that allows for complex 3-D Earth structure, to explore the effect of lateral viscosity
variations on flooding in regions of complex Earth structure such as the Red Sea. Additionally, this
framework could be adapted to explore the dynamics of ancient flooding of Martian craters (e.g.
Stucky de Quay et al., 2020).
In Chapter 5, I focus on solid-Earth deformation induced by anthropologically driven climate
change. Specifically, I predict 3-D crustal motion fields generated by melting of the polar ice sheets
and mountain glaciers, and the redistribution of this ice mass to the global ocean. I show that recent mass loss from the Greenland Ice Sheet and Arctic glacier systems each generated vertical and
horizontal crustal motions of several tenths of a millimeter per year that extends across much of
the Northern Hemisphere. These far-field deformation rates have not been accounted for in previous studies of GNSS data, and in particular, the predicted horizontal rates suggest that reappraisal
of some previous work on ice-age post glacial rebound rates based on GNSS data sets is warranted
(e.g. Milne et al., 2004; Kierulf et al., 2014). A natural next step of this work is to analyze Northern
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Hemisphere GNSS data to detect the model-predicted spatio-temporal trends in GNSS observations. In ongoing work with Jim Davis (Columbia University), I will first analyze North American
GNSS data sets for this purpose. I also intend to extend this work further in collaboration with
Matt Hoffman and Josh Carmichael (Los Alamos National Laboratory). Developing high resolution models of crustal deformation across the Arctic using ice-sheet model projections will allow
calculation of perturbations to the crustal stress field, and provide insight into the possibility of
climate-change modulated seismicity over the past several decades and into the future.
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A

Potential Improvements to Backward
Advection-based Dynamic Topography
Models

During the development of the DT predictions shown in Chapter 1, we tested several methodologies for improving the accuracy of the parameterization for the Earth’s lithosphere, with the aim of
generating a spatially variable, neutrally buoyant, rigid lithosphere that does not participate in convection. The lithosphere across the Canadian Arctic is particularly difficult to capture accurately
in typical DT predictions as the Canadian craton is thick and dominated by compositional buoyancy. Thus significant error would be incurred if this heterogeneity were not accounted for when
applying a simple linear scaling from shear-wave velocity to temperature and density. Lithospheric

102

thickness also varies spatially across the region.
We considered the following approaches. First, we removed temperature variations above a spatially variable lithosphere-asthenosphere boundary (defined by an isotherm, using the methods of
Richards et al. (2020b)) to eliminate any artificial buoyancy contrasts introduced within the lithosphere. We also set viscosity within the lithosphere to a high value to give it suitable rigidity in the
presence of mantle flow. Simulations with no special treatment of the lithosphere, with only initial
temperature fields removed within the lithospere, and with both temperature and viscosity fields altered are shown in Figure A.1. These experimental methodologies are yet to be validated by comparison to independent modeling and they do not match regional geological observations of dynamic
topography. Further work is clearly required to treat thermo-chemical structure in the lithosphere
within backward-advection simulations of mantle flow.
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Figure A.1: Predictions of dynamic topography change since 5 Ma for a range of treatments of Earth’s lithosphere. Calculations are based on the backward advection method for upper mantle buoyancy structure
inferred from the shear-wave tomography of Schaeffer & Lebedev (2013, 2014). In the lower mantle, the
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across the transect shown in the first frame for the three models.
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B

Sensitivity Tests for the Coupled MSC
Model
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C

Appendices for “An Extended Ice-Age
Sea-Level Equation”

C.1

Implementation Including Shoreline Migration

In the following, we generalize the treatment in Chapter 3 to present “sea-level equations” incorporating shoreline migration for both the case of one water body and two isolated water bodies. For
the sake of brevity, in the following equations the dependence of various fields on colatitude and
east longitude is implicit. We also use a subscript j to denote the time t = tj or the jth time step
ending at t = tj .
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C.1.1

One Water Body

The sea-level equation valid for a single water body (i.e., global ocean) and time varying shoreline
geometry was presented by Mitrovica & Milne (2003). Their expressions involved changes in sea
level from the beginning of the simulation. However, as discussed in the main text, it is desirable in
the present application to express all equations in terms of the change across a single time step. In
this case, we derive the following, exact expression for the change in ocean height,
δSj = δSLj Cj − Tj−1 [Cj − Cj−1 ].

(C.1)

Combining this expression with Equation 3.17 yields
]
δΦj
Cj − Tj−1 [Cj − Cj−1 ].
δSj = δSLj +
g
[

(C.2)

The jth increment to the uniform shift in the height of the sea-surface equipotential can be computed by invoking conservation of mass. Integrating both sides of equation C.2 over the surface of
the Earth, gives
δΦj
1
=
g
Aj

∫∫
Ω

δSj dΩ −

1
Aj

∫∫
Ω

δSLj Cj dΩ +

where

1
Aj

∫∫
Ω

Tj−1 [Cj − Cj−1 ]dΩ

(C.3)

∫∫
Aj =

Ω

Cj dΩ.

(C.4)

Conservation of mass requires that
∫∫
Ω

δSj dΩ = −

ρi
ρw
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∫∫
Ω

δIj dΩ,

(C.5)

and combining this with Equation C.3 yields
δΦj
1 ρi
=−
g
Aj ρw

∫∫
Ω

δIj dΩ −

1
Aj

∫∫
Ω

δSLj Cj dΩ +

1
Aj

∫∫
Ω

Tj−1 [Cj − Cj−1 ]dΩ.

(C.6)

Equations (C.2), (C.4) and (C.6) represent the sea-level equation for the single water body case
allowing for shoreline migration.

C.1.2

Two Isolated Water Bodies: Ocean & Lake

Expressions analogous to Equations (C.2), (C.4) and (C.6) for the two water body system are as
follows. For the open ocean:
]
δΦo,j
= δSLj +
Co,j − Tj−1 [Co,j − Co,j−1 ]
g
[

δSo,j

∫∫
∫∫
δΦo,j
δE(tj )
1 ρi
1
=−
δIj dΩ +
δSLj Co,j dΩ
−
g
Ao,j ρw
Ao
Ao,j
Ω
Ω
∫∫
1
+
Tj−1 [Co,j − Co,j−1 ]dΩ
Ao,j
Ω
where

(C.8)

∫∫
Ao,j =

For the lake:

(C.7)

Ω

Co,j dΩ.

(C.9)

[
]
δΦm,j
δSm,j = δSLj +
Cm,j − Tj−1 [Cm,j − Cm,j−1 ]
g

δΦm,j
δE(tj )
1
−
=−
g
Am,j
Am,j

∫∫

1
δSLj Cm,j dΩ +
Am,j
Ω
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(C.10)

∫∫
Ω

Tj−1 [Cm,j − Cm,j−1 ]dΩ

(C.11)

where

∫∫
Am,j =

Ω

Cm,j dΩ.

(C.12)

As in Section 3.2.2, all melt water from ice sheets enters the open ocean, rather than the lake, and
evaporative flux acts to remove water from the lake an add it to the open ocean.
Finally, the combined incremental ocean height change for the whole Earth is calculated as the
sum of that for the open ocean and for the lake, to solve for the change in sea level.
δSj = δSo,j + δSm,j
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(C.13)

C.2

Transitions

One Ocean Case
Is the sill below the
water surface?
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Figure C.2.1: Flowchart giving qualitative description of transitional phases. The two primary cases, described in the main text in Sections 3.2.1 and 3.2.2 are given in blue. The main transitions, described in Sections 3.2.3.1 and 3.2.3.2 are given in bold purple.
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C.3

Comparison to Approximate Treatments
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Figure C.3.1: Evolution of sea level at the Gibraltar Sill generated following a breach of the sill – specifically,
a scenario in which ice melt into the global ocean elevates local sea level to 5 cm above the Gibraltar sill (before water is allowed to enter the Mediterranean). The solid black line shows the sea-level rise predicted by
the extended sea-level theory. In this case, the initial flux of water in the Mediterranean leads to a positive
feedback (see Section 3.4 of the main text) that fills the Mediterranean ocean basin. The dashed lines give results based on two approximate treatments of flooding which require that the flood volume and geometry
be prescribed a-priori. The first calculation (red dash-dot line) assumes a uniform filling that follows the geometry of the initial Mediterranean topography, with a volume equal to the excess volume overtopping the
sill in the global ocean. This assumption follows the approach of Coulson et al. (2019) and it involves no additional flooding of the Mediterranean beyond the initial prescribed volume, and no redistribution of flood
water within the Mediterranean. In the second treatment (blue dashed line), the prescribed flood is given by
the volume and geometry defined by the initial empty Mediterranean topography. Once again, no additional
flooding or flood water redistribution occurs within the Mediterranean.
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D

Predicted 3-D Crustal Deformation
Induced by Melting of the Antarctic Ice
Sheet

116

mm/yr vertical

Figure D.1: Predicted average crustal deformation rates generated by melting of the Antarctic Ice Sheet 20032013. Vertical motion is given by the orange-purple colorscale and tangential motion is represented as arrow
vectors. Points close to the region of mass loss are excluded. See main text, Chapter 5 for details of data sets
used.
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