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Abstract

The Earth is always on the move, constantly. In the last
millions of years the Earth’s climate has followed a cycle
of alternating glacial and interglacial conditions, with a pe-
riodicity of the order of 100 kyr. During a glacial period,
the lower temperatures cause ice sheets to grow, water is
removed from the oceans, and sea levels fall accordingly.
Conversely, during interglacial conditions several of these
ice sheets have melted, water is returned to the oceans and
relative sea-level rises. The most recent cycle began approx-
imately 110 kyr ago and reached the Last Glacial Maximum
(LGM) at approximately 20-26 kyr before present (BP).
During this period about 5.5 % of the surface water was
bound in ice, compared to 1.7 % today. As a result, the
average sea-level was about 125-130 m lower than at present
and large regions, now covered by shallow seas, were dry

land in places forming bridges between previously isolated
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islands. As mentioned, the waxing and waning of the major
ice sheets during a glacial cycle has a major impact on the
global mean (eustatic) sea-level as this movement of water
over the surface of the Earth (both as water and as ice) acts
as a load upon the lithosphere. Though the ice melted long
ago, the land once under and around the ice is still rising and
falling in reaction to ice burden. This ongoing movement of
land is called Glacial Isostatic Adjustment (GIA) and repre-
sents the response of the solid Earth to mass redistribution
during a glacial cycle, that is describes the viscoelastic re-
sponse of the solid Earth to time-dependent changes in ice
and ocean loading over the course of a glacial-interglacial
cycle. In the first part of this work the impact of the GIA
process in the Mediterranean basin will be analyzed, with
particular attention to the Venice Lagoon, where the sea-
level variations could be catastrophic if we consider the cur-
rent effect of climate changes. The results indicate that,
while GIA represents a relatively small component among
those responsible for present-day land movements and rel-
ative sea-level variations in the northern Adriatic Sea, its
contribution needs to be considered for a correct interpreta-
tion of the observed geodetic variations. The second piece

of work is on the study of the strength of the lithosphere be-
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neath Graham Land region (Antarctic Peninsula) using nu-
merical modeling which simulate lithospheric deformation as
a function of geological and geophysical parameters. The re-
sults demonstrate that both “jelly sandwich” and the “creme
brulée” model, described in the literature, are valid for the
Graham Land lithosphere. Although these two works might
seem disconnected, the study of the rheology and strength
of the lithosphere play an important role in GIA modeling.
Indeed, increasingly advanced knowledge of the crustal and
upper mantle rheological structure will lead to better under-
standing the geological processes but also to better constrain
geophysical processes such as that of the GIA Furthermore,
the past, present and future variations of the Antarctic ice
mass are closely linked to the variations in sea level in the
Mediterranean basin, as demonstrated by countless articles
previously published in the literature and in the context of
present and future climate change induced by anthropogenic
emissions of greenhouse gases, it is important to understand
correctly how the past climate responded to various forcings
in order to correctly capture the potential physical and so-
cietal impacts brought by current climate change especially

in those areas highly at risk.

(Number of words: 569)
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Chapter 1
INTRODUCTION

1.1 Glacial Isostatic Adjustment (GIA)

Glacial Isostatic Adjustment (GIA) describes the response of the solid Earth,
the gravitational field, and the oceans to the growth and decay of the global
ice sheets, that is the response of the solid Earth to mass redistribution during
a glacial cycle. In other words, GIA is one of the most important phenomena
of low frequency geophysics and by studying it, we are able to infer the main
characteristics of the Earth’s interior, by solving an inverse problem whose
known variables are the observed surface displacements, while the unknowns
are the Earth’s internal structure and the space-temporal ice melting descrip-
tion. During the early Quaternary period, the glacial cycles lasted on average
41 kyr, but some 1 Myr BP the glacial cycles switched to a periodicity of
about 100 kyr, which has been the characteristic time scale during the last
500 kyr [1]. Both periods can be linked to variations in the Earth’s orbit
around the Sun [2, 3] and the GIA response of the Earth [4], although the ori-

gin of the cyclicity is still debated, especially the present 100 kyr period [5, 6].



4 INTRODUCTION

The most recent cycle began approximately 110 kyr ago and reached the Last
Glacial Maximum (LGM) at approximately 20-26 kyr before present (BP) (an
example is shown in Figure 1.1) [7, 8]. During this period about 5.5% of the
surface water was bound in ice, compared to 1.7% today [9]. As a result, the
eustatic sea level was about 120-130 m lower than at present [10] and large
regions, now covered by shallow seas, were dry land in places forming bridges
between previously isolated islands. During a glacial period the lower tem-
peratures result in the growth of ice sheets, therefore water is removed from
the oceans and consequently relative sea-level falls. Conversely, during inter-
glacial conditions several of these ice sheets melt, water returns to the oceans
and relative sea-level rises. This movement of water over the Earth’s surface
(both as water and as ice) acts as a load upon the lithosphere, as the growth

of ice sheets concentrates mass on the Earth’s surface to the glaciated areas.

From a mechanical point of view the interior of the Earth can be divided
into the inner and outer core, the mantle and the lithosphere. Whereas the
outermost layer, the lithosphere, is elastic, the solid mantle beneath will (over
geological timescales) behave as a fluid. The mean density of the lithosphere is
lower than the density of the mantle and left undisturbed for a certain period
of time, an equilibrium (isostatic equilibrium) will arise in which the depth to
the base of the lithosphere will mainly depend on the weight of the lithosphere
itself. A locally greater mass such as an ice sheet caps, corresponds to a greater
equilibrium depth. For example, a ship that is launched sinks into the ocean

until the weight of the water it displaces is equal to its own weight. As the
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6 INTRODUCTION

ship is loaded, it sinks deeper, displacing more water, and so the magnitude of
the buoyant force continuously matches the weight of the ship and its cargo.
This is known as Archimedes principle stating that, any body completely or
partially submerged in a fluid (gas or liquid) at rest is acted upon by an
upward, or buoyant, force, the magnitude of which is equal to the weight of
the fluid displaced by the body. The volume of displaced fluid is equivalent
to the volume of an object fully immersed in a fluid or to that fraction of
the volume below the surface for an object partially submerged in a liquid.
In the Earth we refer to this as Isostacy or Isostatic equilibrium. During
a glacial period, the growth of ice sheets concentrates mass on the Earth’s
surface to the glaciated areas and acts as a load upon the lithosphere. The
weight of the ice depresses the underlying crust, causing mantle rocks below
to flow outside the ice margin forming a forebulge just outside the ice sheet
(see Figure 1.2). In the meantime, the missing water in the oceans causes the
sea level to fall and the pre-deformed sea floor to rise. At the end of the glacial
period, during deglaciation, the pressure in the mantle is reduced and material
will flow back into the region causing the surface to uplift and mantle rocks
below flow back (see Figure 1.2). However uplift of the previously depressed
regions will be slow and continue long after the ice has gone. The entire
process of subsidence during glacial growth, followed by uplift during and
after deglaciation, is referred to as Glacial Isostatic Adjustment and, although

deglaciation after the Last Glacial Maximum (LGM) caused a considerable
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isostatic rebound of orogens world-wide, the current effect of this uplift is still

discussion.

b. During deglaciation ]

v TT Ay

/

a. Peak glaciation

Figure 1.2. Solid Earth subsidence (a) and rebound due to ice unloading (b). From
https://www.antarcticglaciers.org/glaciers-and-climate/
sea-level-rise-2/recovering-from-an-ice-age/

1.2 Overview of GIA fingerprints

Within the GIA framework, it is helpful here to provide a brief overview of

the ”signals” directly linked to the GIA. In particular they are:

e GIA-signal S (Figurel.3a): assuming that GIA from the melting of past
ice sheets is the unique cause of contemporary sea-level change, the rates
shown in Figure 1.3 would be directly observable as constant secular

trends at tide gauges [11, 12].

e GIA-signal U (Figure 1.3b): represents the present-day rate of change
of the vertical displacement that would be observed, at a given location,

by an earthbound GPS receiver [12-16].


https://www.antarcticglaciers.org/glaciers-and-climate/sea-level-rise-2/recovering-from-an-ice-age/
https://www.antarcticglaciers.org/glaciers-and-climate/sea-level-rise-2/recovering-from-an-ice-age/
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e GIA-signal N (Figure 1.3c): represents the present-day rate of change of
the sea surface height, or absolute sea level that would be observed across
the oceans by satellite altimetry assuming that only GIA is contributing

to contemporary sea-level change [11, 12, 17].

e GIA-signal G (Figure 1.3d): represents the present-day rate of change
of the geoid height [12].

e GIA-signal L (Figure 1.3¢): represents the present-day rate of change of

the surface load [12].

1.3 Sea Level variations

Sea level varies constantly, oscillating with well-defined frequencies, as occurs
in tidal cycles, or in a more unpredictable way, due to variations in atmospheric
pressure and the effect of wave motion. Even if these details are neglected,
however, the sea level cannot be considered stable and in the different geo-
logical eras, it has undergone lowering and rising of tens and even hundreds
of meters, submerging and exposing large portions of the continental shelves.
Suess (1888) [18] defined these variations as ‘eustatic’, thinking that they occur
equally on all seas, due to their interconnection. In reality it was then dis-
covered that these oscillations are neither equal in intensity nor synchronous
in the times of occurrence, although the main variations in sea level are rec-

ognizable on all coasts and attributable to the same geological periods. The



INTRODUCTION 9

-180° -120° -60° 0° 60°  120° > -120° -60° 0° 60°  120° 180°

T T
80° -120° -60° 0° 60° 120° 180°

mm yr‘]

-60° - g

T T

-180° -120° -60° 0° 60°  120° 180°

Figure 1.3. GIA fingerprint S (a), U (b), N (c), G (d) and L (e) obtained by
implementing model ICE-7G (VMT7) in the SELEN* SLE solver.



10 INTRODUCTION

causes of the variations in sea level that have characterized the most recent
periods of the Earth’s history are many, but almost all attributable to cli-
matic changes that were particularly intense during the Pleistocene (from 1.6
Myr to 11 kyr ago). In fact, there have been lowering of the sea level in the
cold phases and rising in the warm ones, due to the formation or melting of
continental ice, and the reduction or increase in the volume of water present
in the oceans due to thermal variations. It is known that water undergoes a
modest variation in volume as the temperature changes, so much so that a
warming of just 1°C of all that present in the oceans would cause their level
to rise by only 2 m. During the Pleistocene the average temperature of the
oceans varied by no more than 5.1°C therefore, even if the thermal variation
had also affected the deeper layers, this phenomenon could be attributed to
variations of up to ten metres, a order of magnitude lower than that of the
fluctuations that actually occurred. Far more important, in the long term, is
the effect determined by the storage of water in continental glaciers during
cold periods and by their melting following a subsequent rise in atmospheric
temperature. Currently there are about 30 million km?3 of water stored by
continental ice [19], while during the last glacial phase there must have been
at least twice as much [20]. This is in good agreement with the further rise
of about 78 m calculated by [21] for an eventual melting of all the glaciers
present on Earth today, a phenomenon not however contemplated by short-
and medium-term climate models. The salinity of sea water and atmospheric

pressure also affect the volume of the oceans, but both of these parameters
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have undergone modest variations with the alternation of the glacial periods
and their contribution to eustatism is considered irrelevant. Quite different,
although difficult to quantify, may be the role of tectonic movements which,
by modifying the width of the oceanic basins, can determine positive or nega-
tive eustatic variations. Indeed, during the Pleistocene there were phenomena
of subsidence on the seabed of the Pacific Ocean which could have interfered
with the much more important oscillations due to the climatic variations that
occurred precisely in this period. A rise in the sea level can also be caused
by the deposition on the seabed of materials produced by the erosion of the
emerged lands, a non-negligible phenomenon if one considers that the aver-

age rate of denudation of the continental areas is about 4.3 mm s™!

, with a
production of about 17200 million tons of material per year [22], even if to be
distributed over a marine surface almost three times larger than that of the
continents. However, not all the volume deposited translates into an eustatic

rise, given that the ocean floor undergoes an isostatic lowering due to the

pressure exerted by the new materials [23].

1.4 GIlA-induced effects on sea level

The GIA-induced sea-level change has certain characteristics. In the glaciated
areas, once covered by ice sheets, postglacial sea-level relative to present-day
sea level falls during and after deglaciation due to rebounding of Earth’s sur-

face which has a larger effect on sea-level than the addition of meltwater.
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In the margin of ancient ice sheets, the sea-level change becomes a bit more
complicated because the rebound of the ground, the migration and collapse of
the forebulge all come into play. The sea level in this area falls initially when
the effects of rebound and collapse of gravitational attraction are dominant,
followed by an increase when the contribution of the migration of forebulge
and the addition of meltwater to ocean becomes dominant [24]. We refer to
this as ‘near-field’. The near-field consists of sites that were covered by ice
sheets at the LGM, and regions within a few hundred kilometres of the former
ice margins. As soon as such locations become ice-free they will have relative
sea- level fall because the rebound of the solid Earth will be faster than any

sea-level rise due to ongoing melting [25, 26].

On the contrary, we refer to the far-field as locations far from the major
LGM ice sheets, where relative sea-level change is dominated by the eustatic
signal, and GIA-related solid Earth deformation is minimal. The two main
processes that contribute to far-field relative sea-level change during periods
when there is no change to global ice or water volumes are ‘ocean syphoning’

and ‘continental levering’ [24].

In the following image (Figure 1.4), we can see two examples, one referring to S
(Figure 1.4a) and one referring to U (Figure 1.4b) for the entire European area.
If we consider only the effect of the remote ice cap (far-field), we observe that,
for S (Figure 1.4a) it generates a lowering of the sea level with negative values

in all the previously frozen areas (in this case Fennoscandia), while U (Figure
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1.4b) generates a positive vertical movement (uplift). On the contrary, if we
refer to the far-field we can observe how the melting of the Fennoscandian ice
cap (but also the Laurentide and Antarctica ice caps) has an effect on the entire
Mediterranean basin. In particular, it provides for a sea-level rise with peak
values especially in the center of the basin. As regards the vertical movement
U (Figure 1.4b) induced by the melting of remote ice caps, subsidence values
are observed in the Mediterranean basin. A detailed explanation and results

on the Mediterranean basin and in particular in the Venice Lagoon will be

provided in the following chapters.

1.5 General scenario with focus on Flandrian

transgression

The Quaternary is the last Period of the Cenozoic Era, in which we are still
living. It began about 1.8 Myr BP with the epoch called Pleistocene and
continues with the Holocene. In the last 1.8 Myr there have been at least
five major glaciations, in particular, Donau, Gunz, Mindel, Riss and Wiirm,
during which the formation of very large quantities of ice stole water from
the oceans, causing the lowering of the sea and leaving vast continental areas
emerged. During the last Wiirmian glaciation about 35 million km? of ocean
water was locked up in ice sheets [29]. Consequently the world ocean level was
125-130 m below the present level. The melting of the ice and the thermal

expansion of the water caused the rising of the ocean level and the invasion



14 INTRODUCTION

-10° -5 0° 5°  10° 15° 20° 25° 30° 35° -10° -5° 0° 5°  10° 15 20° 25° 30° 35°

Figure 1.4. Predicted rate of present-day sea-level change S (a) and vertical dis-
placement U (b) induced by GIA across the Euro-Mediterranean region,
according to model ICE-7G NA (VMT) [27, 28]. Numerical results have
been obtained using the SELEN* SLE solver.
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by the sea of large marginal strips of the continents, defined by Jerry Dobson
as “aquaterra” [30], has been named Flandrian Transgression. The term was
originally coined in Europe, having been first studied in detail on the basis of
the coastal deposits of Flanders, while in the United States it has the generic
name of the Holocene transgression. In Italy, in reference to the stratigraphy
of marine and continental deposits studied for the first time by Blanc et al.
(1934) [31] in northern Tuscany, it takes the name of Versilian transgression.

Lately this term has been applied to the entire late postglacial transgression.

The Wiirmian glaciation (Figure 1.5) is the best known in all its aspects,
not only because it is the closest to our times, but also because its traces
have not been disturbed by other glacial periods. Furthermore, the Wiirm
represents the only well-known glacial event for the Apennine Italy where,
an environmental situation very different from that of central and northern
Europe occurred: in fact, in the Apennines there were numerous glaciers dis-
tributed in a patchy pattern [34]. As mentioned, coinciding with the acme
of the last phase of the Wiirmian glaciation, between 22 kyr BP and 18 kyr
BP, the sea-level had reached its lowest level: 125-130 m below the current
level and large parts of the continental shelf had emerged and been shaped
by exogenous agents. Many islands were connected to continents, such as the
British Isles to Europe, while New Guinea and Tasmania formed a single conti-
nent with Australia; the Bering Strait did not exist and it was possible to walk
from Asia to North America, and it is to this fact that we owe the beginning

of the human colonization of the American continent about 25 kyr BP years
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Figure 1.5. General framework of the Mediterranean area during the Wiirm pe-
riod resulting from the combination of the ICE-7G models [32] and the
Seguinot ice model [33].
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ago. The Italian peninsula was wider and incorporated the Island of Elba; the
Adriatic Sea was much less extensive, with a shoreline linking today’s Ancona
and Zara (Dalmatian coast, Croatia); Corsica and Sardinia were united, while
Sicily had a large exstention (the Adventure Plateau) which almost reached

Tunisia.

Among the first curves plotted to represent sea level rise in the Holocene,
those produced by Fairbridge (1961) [35], Shepard (1963b) [36] and Morner
(1969) [37] are of particular interest because they represent the main models on
which the scientific community has faced for years: a constant rise (Shepard),
a rise with modest fluctuations without the current level being significantly ex-
ceeded (Morner), or a rise interrupted by significant inversions and with a level
between 5 kyr BP and 6 kyr BP it had exceeded the current one (Fairbridge)
by about 2 m (see Figure 1.6). Although these curves differ significantly from
each other, the three authors agree that sea-level rise was particularly rapid in
the first period and decidedly slower in the last millennia. Among the reversals
and stops, of particular interest are those identified by Curray (1960) [38] in
the Gulf of Mexico: here there would be traces of a lowering of the sea-level of
about thirty meters (approximately between -30 and -60 m) occurred between
12 kyr BP and 11 kyr BP, therefore synchronous with the cold period (Dryas)
during which there was a new expansion of the continental ice sheets, and a
stationary phase at -18 m centered on 10 kyr BP, which would have favored
the formation of marine erosion platforms subsequently identified at the same

altitude in other areas as well.
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Figure 1.6. The eustatic curves of Fairbridge [35] Shepard [36] and Mérner [37]. The
purple field provides the difference between the 3 curves.

1.6 A few words about Milankovitch theory

Among the longest astrophysical and astronomical cycles that might influence
climate, only those involving variations in the elements of the Earth’s orbit
have been found to be significantly related to the long-term climatic data
deduced from the geological record [39]. As mentioned, the most important
climate modifications that determine sea level variations are connected to the
so-called glacial cycles. The Scottish naturalist James Croll [40] was the first
to suggest that the climatic fluctuations of the last 2 Myr were the result of
the very slow movements that the Earth describes in space and in the rotation
around the Sun. The theory was then reworked by Milankovich (1930) [41, 42],

a Serbian engineer, mathematician and climatologist who worked at the turn
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of the First and Second World Wars. Milankovitch, in his “Glacial Theory”
hypothesized that it was the variation of solar insolation at the top of the
Northern Hemisphere atmosphere that forces the formation and melting of
glacial masses [39, 43]. According to Milankovitch’s theory, due to the grav-
itational attraction that the bodies of the solar system exert on our planet,
the Earth’s orbit is continuously modified by the cycles of the precession of
the equinoxes, by the obliquity of the ecliptic and by the eccentricity of the
orbit (Figure 1.7) [44]. On the basis of the astronomical laws that describe
these variations, and assuming the Earth’s atmosphere to be stationary, Mi-
lankovitch formulated a mathematical model capable of calculating the vari-
ation of solar radiation that has reached the Earth, at different latitudes, in
the last 600 kyr BP, thus explaining the alternating in the past of warmer and
colder periods. The combination of the three astronomical cycles, affecting
the summer insolation of the Boreal Hemisphere, where most of the emerged
lands are concentrated, determines the passage from glacial to interglacial
phases with periods of about 100 kyr. The Earth is currently experiencing a
warm period or interglacial, the Holocene, also known as isotope stage 1 which
started about 10.5 kyr BP [39]. This period follows a glacial phase in which,
about 22 kyr BP, the sea was more than 125-130 m below present level. The
first evidence of the height of glacial and interglacial phases in the sea came
from analyzing the relationship between the stable isotopes of oxygen con-
tained in the fossil remains of marine organisms ((§'80), which describes the

relative abundance between the isotopes O'6 and O'®) [45, 46] able to record
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in its shell the temperature of the waters in the period in which they lived.
This is why these climatic phases, roughly corresponding to the Milankovitch
cycles, are called isotopic stages, and are indicated with increasing numbers
going back in time. Stage 1 corresponds to the Holocene; similarly, the odd
numbers indicate the interglacial periods of the past, while the even numbers
identify the glacial phases. Stage 2 (LGM) corresponds to the last glacial

period whose coldest peak occurred at 22 kyr BP [44].

1.7 Mediterranean Region

The Mediterranean Basin is a region of special interest in the study of past
and present relative sea level evolution. The intense glaciation-deglaciation
cycles that dominated climate system variability over the past several hun-
dred thousand years were associated with significant variations of global sea
level, not only through the direct impact of these large redistributions of mass
between the oceans and the continental cryosphere, but also due to the time-
dependent response of the Earth’s shape to these varying surface loads (see

e.g., [4, 8, 32, 48, 49]).

One may reasonably think of the Mediterranean Basin as providing similarly
strategic information concerning post-LGM deglaciation as does the U.S. At-
lantic coastal region, in terms of the evolution of the nearby North-western
Eurasian ice sheet complex and of the far-field influence of the Laurentide,

Greenland and Antarctic ice sheets [32].
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From Roy (2017) [47].
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The microtidal regime and presence of numerous remains of coastal archeolog-
ical structures have made the intermediate to far-field Mediterranean region
a focus for sea-level studies [48, 50, 51]. Regional compilations of Relative
Sea Level (RSL) data have been produced for both the eastern [52] and west-
ern [53, 54] Mediterranean coast. Significant sea-level data have also been
collected as part of coastal investigations with other purposes, for example,
studies of Holocene environmental changes in marshes and coastal lagoons in
Spain [55, 56], France [57-59], Sardinia and Corsica [57, 60-62], Tunisia [63, 64]
as well as along the Adriatic [65, 66] and Tyrrhenian [67, 68] coasts of Italy.
Similarly, Correggiari et al. (1996) [69], Lambeck et al., 2004a [48] and other
(see e.g., [54, 70]) assessed the postglacial RSL changes along the Italian penin-

sula and Croatia.

RSL records from tectonically stable sectors of the western Mediterranean
document a continuous rise from 49.5 + 0.8 m at 11.5 ka BP due primarily to
glacio and hydro-isostatic factors [71]. In the eastern Mediterranean region,
RSL rise slowed significantly in the last 7.5 ka BP, with consequent initiation of
deltaic progradations of the largest Mediterranean rivers [72] such as the Nile
delta. The Southern Tunisia RSL record is characterized by a well-documented
mid-Holocene highstand beginning at 7.5 ka BP [73]. RSL reached a maximum
highstand of 1.1 £ 0.2 m at ~ 5.8 ka BP, with RSL falling to present slowly
at rate of ~ 0.19 +0.07 m/ka from 6.5 ka BP to present. Stocchi and Spada
(2007) [74] claim that the observed late-Holocene sharp high-stand in SE

Tunisia (~ 5 kyrs BP) mostly reflects the history of melting of the Antarctic
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ice sheet, since the two major Northern Hemisphere ice sheets (Laurentide and
Fennoscandia) at this time had completely melted and their contributions to
relative sea-level have opposite signs and almost cancel. In their article, in
fact, they say: : ”"The RSL curves expected in this region for the deglaciation
model ICE3G are characterized by a developed late—Holocene high—stand, which
broadly matches a suite of observations and geological indicators“. Hypothesis
later confirmed also by Mauz et al. (2015) [75], which highlight that the
Tunisian highstand is compatible with the melting history of the Antarctic ice

sheet.

In this sense, the data from southern Tunisia, collected from the Gulf of Gabes,
are of considerable interest for two main reasons: (i) the suggested sensitivity
of the predictions of the GIA model in this position to the influence of the
Antarctic ice sheet (AIS) off the field [49, 76] and (ii) the suggested existence

of a late Holocene tribune in this region of the Mediterranean Sea [49, 71].

Original contributions of this thesis

The original contributions of this thesis are listed below:
1. Up-to-date caused by GIA, high-resolution estimate of sea- level change
and vertical deformation at the Mediterranean scale are obtained.

2. It is found that GIA effects are a marginal contribution to geodetic

velocity only at sites where the largest subsidence is recorded, while, at
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the majority of GNSS sites, GIA may represent a significant contribution

to observed rates.

. At the same time, GIA-driven sea-level change represents a fraction of

the observed rates of sea-level ranging from 30% per cent in the Venetian
Lagoon to over 50% at Trieste and it significantly mitigates sea-level rise

due to present-day climate change.

. As for the Antarctic Peninsula, data indicates clearly highlights the dif-

fuse state of uplift, in fact, subsidence was recorded only in 5 of the 21

stations analysed.

. Geodynamics of the Graham Land describe two distinct kinematic pat-

terns, going from being relatively stable with very small (insignificant)

deformation to an increasing W-E oriented deformation.

. The strength of the lithosphere (YSE) can vary drastically, changing

from a strong crust and a weak mantle to weak crust and a relatively
strong mantle, proving that, both “jelly sandwich” and “creme brulée”
models are valid for the Graham Land region depending on specific ther-

mal and rheological conditions of the area considered.
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Organization of this dissertation

Each of the contributions enumerated above are the subject of one chapter in

this dissertation. The organization of this document is as follows:

Chapter 1 presents the overview of GIA phenomena that represent the scope
of this thesis. It includes the fingerprints related to the GIA, the sea
level variation and GIA-induced effects on sea level, the general sce-
nario with focus on Flandrian transgression, and a few words about the

Mediterranean region.

Chapter 2 builds on the "working” of the GIA theory: the Earth structure
and rheology, the viscoelasticity and the Maxewll body. Then are spent
some words about the code uses to compute Earth’s movements due to
GIA and subsequently approaches the GIA from a theoretical point of

view: the surface load and the sea level equations.

Chapter 3 focuses on the modeling and analysis of GIA phenomena in the
northern Adriatic region, taking into account the contribution of the
Alpine ice sheet during the Last Glacial Maximum through an analysis

of both GNSS signals and tidal gauges.

Chapter 4 presents a method, already used in the literature, to calculate the
strength of the lithosphere through the analysis of geological and geo-
physical data such as geothermal heat flux, heat production, strain rate

and so on.
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Chapter 2

HOW DOES GIA WORK?

This chapter is organised into several sections. Here I introduce the theoretical

framework of this Chapter.

In Section 2.1.2, I define the structure of the Earth and in Section 2.1.1 I
introduce the Earth’s rheology; the entire geodynamic spectrum is also pre-
sented. Section 2.1.3 deals with the basic theory of viscoelasticity and the
simplest viscoelastic model like a Maxwell body. In Section 2.3.1 I briefly
describe SELEN?, the code used to create most of the figures in this thesis,
while in Section 2.3.2 I mention the Tegmark grid and its importance in the ice
discretization. Finally, in Section 2.3.3, I spend a few words on the TABOO

code.
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2.1 Earth, a deforming body

2.1.1 The Earth’s Rheology behavior

Rheology, from the Greek verb ‘pew’ meaning to flow, is the study of the
stream of matter, mainly in the liquid state, but also how solids respond to
elastic deformation as a result of an applied force. At one extreme we have
the elastic deformations of solid materials, which follow Hooke’s law, at the
other the Newtonian flow of liquids and gases. Between the two there are the
phenomena of flow of substances which show intermediate properties between
those of fluids and those of solids. The term rheology was first coined by
Eugene Bingham (1878-1945) and gives us the physical basis for understanding

geodynamic processes.

In modeling a particular geophysical phenomenon, the choice of the rheol-
ogy used depends both on the quality of the geophysical data, which the
calculations of the model are required to match and our knowledge of the
rheological behavior of the medium at hand. Over the last few decades a
considerable amount of knowledge has been gained about mantle rheology in
terms of the values of rheological parameters and deformation mechanisms [1].
For instance, what is most important, as far as mantle convection is con-
cerned, is clearly the strong temperature dependence of the viscosity which
the laboratory-derived values of the activation energy and volume seem to

suggest.
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In Figure 2.1 (from [1]) I sketch the entire geodynamic spectrum spanning
the whole range of phenomenological time scales in which rheology plays a
fundamental role, distinguished on the basis of their characteristic time scale.
In the left part of the graph we think of the Earth as an-elastic solid because
it is characterized by all those fast processes from a geodynamic point of
view, such as seismology (1 sec) and post-seismic deformations, i.e. aseismic
movements that occur on a regional/global scale following large earthquakes
(10%-108s). On the contrary, on the right side of the graph we can think
of the Earth as a viscous fluid because it is characterized by all those slow
processes from a geodynamic point of view. The first of the slow processes is
called Post Glacial Rebound (PGR) which represents only one of the aspects
of GIA [2] and is particularly manifest in the regions that were covered by
thick ice sheets at the LGM, an aseismic process that occurs on a time scale
of a few thousand years. Then there is the slowest process of all, connected
to mantle convection (time scale of million years). In the central part of the
graph we find a transition period, called Maxwell time, which separates slow
processes from fast processes: a geodynamic process has a duration of Maxwell
time when its characteristic duration is around 103 years [3]. On the basis of
these assumptions, on ”intermediate” time scales, we can define the Earth
as a Maxwell body, i.e. a viscoelastic body with properties of elasticity and
viscosity at the same time. The simplest way to attempt to mathematically
describe this behavior is to model the material as a mechanical ” continuum”,

in which the dual nature, elastic and viscous, is taken into account. The
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quantitative relationships that link the state of stress and the kinematics of

deformation are called constitutive equations.

However, the appropriate constitutive relation which is to be employed in
analyzing transient geodynamic phenomena, such as GIA, has often been the
matter of controversy in geophysics [1]. On the one hand, the advocates of
non-linear rheology [4] use as supporting arguments the laboratory data of
single-crystal olivine whose power law index is about three [5, 6]. On the other
side there is mounting evidence that at the stress levels in post glacial rebound
the creep mechanism may in fact be linear for polycrystalline aggregates [7].
There are also recent theoretical studies indicating that the power law index

changes gradually with stress [1, 8].

Maxwell time = v,/ u,~ 0 (10’ y)

anelastic and transient rheology steady-state rheology
Chandler
wobble .
A postglacial  polar mantle
rebound  wander convection
A A A
—
/7 T N
/ postseismic A
deformation \
10° 10 10° 10" 10"

t(s)

Figure 2.1. The geodynamic spectrum time scale (from [1])
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2.1.2 The solid Earth’s structure

From a geophysical point of view, the solid Earth is a multi-layered, oblate
spheroid. Its outer layer is the crust, which has an average thickness of 35 km
beneath the continents and ~7-8 km beneath the oceans. The crust forms the
upper part of the lithosphere, which is typically 100 km thick, and is the section
of the Earth that participates in plate tectonics. Beneath the lithosphere lies

the mantle, which extends down to ~2900 km [9].

However, GIA modeling, consists of two parts, an Earth model and an ice
reconstruction, where the latter is imposed as a boundary condition on the
former. Various methods to set up the Earth model exists while the ice recon-
struction is usually either based on observational data of the GIA process or

from thermo-mechanical modeling.

Assuming the VM7 rheological profile [10], the model of the Earth used in this

thesis work, and in all related documents, can be briefly described as follows:

a 75 km thick elastic lithosphere;

a three-layer upper mantle;

a transition zone

a three-layer lower mantle

an inviscid fluid core
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the depth of each single layer and the respective viscosity are shown in Figure

2.2.
Depth range Viscosity (1)
(km) x10*' Pas
0-75 Elastic h—» LITHOSPHERE
75-115 10.0
115-420 0.45 UPPER MANTLE
420-670 0.45
670-980 0.90 .—» TRANSITION ZONE
980-1470 1.80
1470-1950 6.00 LOWER MANTLE

INVISCID FLUID CORE

Figure 2.2. Radial viscosity structure of VM7 viscosity profile down to the
core—mantle boundary.

2.1.3 Viscoelasticity and the Maxwell Body

A constitutive model describes the response of a material to external forces.
An elastic body subjected to a force will deform instantaneously, and upon
removal of the force immediately return to its initial shape. This is the typical
behavior we find in a solid and is expressed by Hooke’s law (relation between
stress and strain). Conversely a fluid, in response to an applied force, will

continuously deform and upon removal of the force, remain in its deformed
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shape, mathematically expressing a relationship between stress and strain rate.
Many materials, including the Earth’s mantle, display both elastic and viscous
properties and are therefore referred to as viscoelastic materials. The simplest
viscoelastic model which can describe the Earth as an elastic body, for short
time scales, and as a viscous fluid, for long time scales, is the Maxwell mode,
often conceptualized as a spring (the elastic component) connected in series
with a dashpot (the viscous component), as show in Figure 2.3, where E
represent the elastic behavior and 7 represent the viscous behavior. Other
constitutive models, for example, include the Kelvin-Voigt model (parallel
connected spring and dashpot), the standard linear solid (spring parallel to
a Maxwell model), the Burgers body (Maxwell and Voigt model in series)
and the generalized Maxwell model, known as the Maxwell-Wiechert model

(several Maxwell models and possibly a Voigt model in parallel).

n E

Figure 2.3. Mechanical analog of Maxwell rheology. A spring connected in series
with a dashpot.

In other words, when a material is subject under a constant stress, the strain

has two components. First, an elastic component occurs instantaneously, cor-



48 HOW DOES GIA WORK?

responding to the spring, and relaxes immediately upon release of the stress.
The second is a viscous component that grows with time as long as the stress

is applied. The constitutive relation is expressed as:

U—l—%&:né (2.1)

where o denote the stress, 7 is the viscosity, E is the elastic modulus (Young’s

modulus), & and ¢ are time derivative of stress and strain respectively.

As mentioned, the Earth is usually assumed to be a Maxwell body, and this

is also the assumption used in this thesis and in all related papers.

2.2 The theory behind GIA

Numerical predictions of sea-level variations due to GIA are non-trivial, in fact,
sea-level changes influence the gravitational field of the planet, since they act,
in addition to the ice mass, as a surface load [11]. However, these variations are
also governed by the gravitational field, since the sea-level surface (or geoid)

is constrained to remain an equipotential.

The basic idea of the “sea-level equation” (SLE) back to Woodward (1888) [12]
that published his pioneering work on the form and position of mean sea level.

Subsequently, first Platzman (1971) [13] and then Farrell and Clark (1976) [14]
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describe for the first time the integral equation governing the redistribution of
ocean mass on a non-rotating planet, known as the SLE. Since then, a series

of papers addressing the problem of SLE have been published (e.g., [15-18]).

This section, following the fundamental papers by Spada and Stocchi (2007)
[19] and Spada and Melini (2019) [20], is dedicated to the concept of surface

loads and the study of SLE.

2.2.1 Surface load

If we consider the system composed of ice and ocean water at a given time ¢,

its mass can be expressed as:

M(t) = / LdA (2.2)

where M(t) is the mass distributed over the whole Earth’s surface in the
form of ice or water, L(,t) is the surface load with v stands for (6, \) (6 is
co-latitude, A\ longitude), fe represents the integration of the whole Earth’s

surface and dA is the area element:

dA = a®sin Odfd. (2.3)
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From Eq. 2.2, L can be expressed as the sum of two contributions, representing
respectively (i) the load exerted by continental ice and (ii) the load of water

on the ocean floor:

L(v,t) = p'IC + p* BO (2.4)

where I is the ice thickness, p’ and p% are the density of ice and water respec-
tively, O is the Ocean Function (OF), C' =1 - 0 is the Continental Function
(CF) and B(v,t) = —T is sea level, with T representing the rocks topogra-
phy [21]. Note that due to horizontal coastal migration and the transition
between drift ice and continental ice, OF and CF are, in general, time depen-

dent.

Consequently, using Eq. 2.4 in Eq. 2.2, the mass change M(t) = M - My of

the system composed of ice and water is:

M(t) = pi /(IC — IpCo)dA + p¥ /(BO — BOOo)dA (2.5)

where the subscript 0 denotes reference quantities and the first term on the

right-hand side represents the mass change of continental ice.

Since mass must be conserved, we have:
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M = /L‘,dA =0, (2.6)

where

L(7y,t) =L — Lo, (2.7)

represents the surface load variation that is defined as the difference between
the actual surface load and its value in a previous reference state. L£(7v,t) is

given by the sum of three contributions:

L(y.t) =L+ L0+ L5, (2.8)

where the first term, £¢, is associated with the change in ice thickness, the
second term, £°, results from sea level change and the third, £¢, is associated
with the change in ocean function. For further details, the reader is referred

to [20] and its supplement material.
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2.2.2 The Sea Level Equation

To a first order approximation, the sea level at any point in time coincides
with a gravitational equipotential surface. Redistribution of the Earth’s mass,
changing the gravitational potential, will therefore lead to local deviations in
sea level compared to the eustatic level. The change in the sea level during
a glacial period will in itself result in an isostatic adjustment process of the

Earth due to the changing surface load [9].

The Sea Level Equation (SLE), first introduced by Farrell and Clark (1976)
[14], has evolved through a series of papers since the 1970s [14, 22-25] to
include the effect of shoreline migration, floating of marine grounded ice, Earth

rotation, 3D Earth structure and ice lakes.

The SLE is used to describe the sea level variation produced by glacio-isostatic
processes: a reference state of the system, composed of oceans, ice and solid
Earth, is compared to a subsequent arbitrary state (i.e. a state in which the
terrestrial topography will have a certain shape, the thickness of the ice will
have a certain trend, etc. . . ). In this evolving condition it is possible to mea-
sure the sea level in a certain point (using tide gauges): we will therefore say

that the sea-level, in a certain point, is the difference between two quantities.

Above, sea-level has been defined as B = -T'r, where Tr is the topography.
Indicating with r%%(-y, t) and r%¢(y, t) the radii of the (equipotential) sea surface
and of the solid Earth in a geocentric reference frame with origin in the whole-

Earth center of mass (CM), respectively, sea level can be expressed as:
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S(’Y? t) = lrss - ’,”567 (2.9)

and, introducing the sea surface variation, or absolute sea-level change

Ny, 1) = =1, (2.10)

and the vertical displacement of the Earth’s surface

Uy, t) = r® —rs®, (2.11)

we get:

S(y,t) =N —U. (2.12)

Equation 2.12 represents the most basic form of the SLE. We note that, being
defined as a double difference, relative sea-level change S(v,t) is not dependent
upon the choice of the origin of the reference frame, i.e., it is an absolute

quantity, while N(v,t) and U(~,t), however, depend on the choice of the
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origin. Thus, sea-level variation is nothing more than the study of the mutual
relationship between the geoid and the topography. S is the relative sea-level
variation, measured by the tide gauges (linked to the solid Earth), N is the
elevation variation of the sea surface measured with respect to the center of

the Earth and U is the vertical displacement of the bedrock (see Figure 2.4).

Geoid, , & SEA LEVEL

geoid

W=constant

Sea Level

U

Figure 2.4. Sketches of the three Earth’s components that are interacting in the
SLE: the solid Earth, the oceans and the ice sheets. Bottom right,
Maxwell’s model.

The sea surface variation N(v,t) is closely associated to the variation of the
geoid height. Farrell and Clark (1976) [14] have shown that the sea surface

height variation is:
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N(v,t) =G +c, (2.13)
where
P
G=— 2.14
P (2.14)

is the variation of the geoid radius relative to the reference state, with ® that
represents the variation of the total gravity potential of the Earth system, g
represents the reference surface gravity acceleration evaluated on the Earth’s
surface and ¢ is notorious within the GIA community as the ‘c-constant’ by

Farrell and Clark [14]. So, the SLE of Eq. 2.12 becomes:

S(v,t)=R+e, (2.15)

with

R(v,t) =G —U, (2.16)
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can be called a ‘sea-level response function’.

Assuming that the responses to surface loading and changes in centrifugal
potential can be combined in a linear fashion, the SLE in Eq. 2.15 can be

re-written as:

S(v,t) = R + c+ R™, (2.17)
where:

RS’LL’/‘(W/7 t) — GSU?" _ IJS’LL’I”7 (218)
and

R™(v,t) = G™ — U™, (2.19)

are the surface and the rotation sea-level response functions (SRF's), while

G(v,t) = G + G, (2.20)



HOW DOES GIA WORK? 57

and

Uy, t) = U + U™, (2.21)

are the “geoid SRF's” and the “vertical displacement SRF's”, respectively.
The first, associated with height variations of the geoid, the second associated

to vertical displacements of the Earth’s surface.

From the mass conservation constraint given by Eq. 2.6, the constant c is easy

to determine. Therefore, Eq. 2.17 becomes:

S(’Y,t) — qave 4 (Rsur_ < Rsur >0) 4 (Rrot_ < Rrot >0)’ (222)

where < ... > denotes the average over the ocean surface (time dependent),

defined by O = 1, and

Sove(t) = §eau 4 gofu., (2.23)

where S€* and S°/* are two spatially invariant terms. The first, S¢%, repre-

sents the “equivalent sea level” and is



58 HOW DOES GIA WORK?

equ — H
S(t) = o A0 (2.24)

with p is the ice mass change and A° is the area of the oceans, while the

second term, S°/* is given by

Sofu(ty = = / ToOdA, (2.25)
A° J,

and depends exclusively on the variations of the OF', due to the coastline

horizontal migration or the transitions from continental ice to floating ice (or

vice versa). As a consequence of this, from Eq. 2.22 we see that, the regional

fingerprints of GIA, on relative sea-level is determined by the functions R%%"

and R". Following [25], the SRF's in Eq. 2.22 is obtained from a 3-D space-

time convolution

R () =T°® L (2.26)

where I'*(v, t) is the surface Green’s function at seal-level. Therefore, using

the surface load decomposition given by Eq. 2.8 in to Eq. 2.26 leads to
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R = R® + R’ + R° (2.27)

In contrast to R*%", the harmonic coefficients of the rotational response R™ (v, t)

are obtained directly from a 1-D time convolution

RIZ(t) = T} % Ay, (2.28)

where T7 is the rotation response Green’s functions, is the expansion of the
coefficients of degree [ and order m of the variation of the centrifugal potential
Ay, associated with the variation of the portion of the axis of rotation of the
Earth [25]. A(v,t) is substantially a spherical harmonic function of degree [

= 2 and order m = +1. Therefore, Eq 2.22 can be rewritten as:

S(y,t) =S+ R+ R*+ R+ R™, (2.29)

where the response functions are:
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R (y,t) = R™— < R >0, (2.30)

and

R™(y,t) = R™'— < R™ >° (2.31)

We note that R depends on OS through the variation of the surface load
LY. Following [17], in view of the numerical solution of the SLE, is therefore
convenient to transform Eq. 2.29 so that Z = OS becomes the unknown
instead of S. This is done by projecting Eq. 2.29 on OF, i.e. multiplying
both sides of the SLE by O, obtaining the final form of the SLE:

Z(y,t) = 29 + K%+ K*(Z) + K¢ + K™ (Z), (2.32)

where

Z(y,t) = OS (2.33)
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with O is the OF and S is the sea-level change.

The dependence of K° ¢ K™ on Z in Eq. 2.32 shows the implicit nature of
SLE, which is a three-dimensional nonlinear integral equation. The spatial
discretisation on the surface of the sphere is carried through the properties of
the equal-area, icosahedron-shaped, spherical pixelization introduced by [26]

and briefly described in Section. 2.3.2 above.

The material presented in this section extends the analysis first presented
by [27] and [19]. For a complete mathematical formulation, the reader is

referred to [20] and its supplement material.

2.3 Numerical modeling of GIA deformation

2.3.1 SELEN%, a program for solving the sea-level equation

From the “satellite-altimetry-era” (1992-today), which allowed us to measure
the sea level from space, GIA modeling and its applications have seen a consid-
erable development [2], stimulated by the recognized important role that GIA
has in our understanding of current sea-level rise. However, 1-D models repre-
sent an important contribution in the development of GIA theories, in fact, a
number of GIA models characterized by different Earth’s rheological profiles
and the different history of the Late Pleistocene ice sheets have been proposed,
constrained by sea-level proxies dating from the LGM (21 Kyr BP), providing

increasingly accurate estimates of global mean secular sea-level rise [2]. The
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development and progress towards this goal required a number of significant
breakthroughs so much so that concepts associated with GIA have begun to be
incorporated into parallel fields of research [28]. Despite the GIA phenomenon
now being tightly integrated into the science of global change [29], few efforts
have been devoted so far to the development of open-source codes for the so-
lution of the SLE, although several post-glacial rebound simulators and Love
Number calculators have been made available to the community (e.g. [30-35]).
For what concern Love numbers, first introduced by A.E.H Love (1911) [36],
provide a complete description of the response of a planetary body to external,
surface or internal perturbations and are a key ingredient of several geophysi-
cal applications [37]. In fact, they are essential to the solution of the Sea Level
Equation [14] and are exploited in current numerical implementations of the
GIA problem, either on millennial (see e.g., [20]) or on decadal time scale (see
e.g., [33]). For a review of the development of GIA modeling, the reader is

referred to [2, 9, 28].

In this thesis work, the sea-level simulator SELEN* has been used, first pre-
sented to the GIA modeling community by [19], who numerically implemented
the SLE theory reviewed in [27]. SELEN uses the Love number calculator
TABOO (see [30, 38, 39]) as a subroutine and tie to the Generic Mapping
Tools (GMT [40]) for the construction of the present-day ocean function.
Furthermore, in SELEN, the numerical integration of the SLE over the sphere

takes advantage of the icosahedron-based pixelization proposed by Tegmark
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(1996) and described briefly in Sec 2.3.2 below. Similarly, all the versions are

based upon the pseudo-spectral method of [41-43] for the solution of the SLE.

The Earth models accessible by SELEN? are all characterized by the spheri-
cally symmetrical structure. In the literature, these models are often referred
to as ‘GIA 1-D models’ (Figure 2.5), since the density, elastic and rheological

parameters depend only on the radius r.

[l ELASTIC LITHOSPHERE

[l FLUID CORE

Figure 2.5. 1-D GIA model (spherically symmetrical). The elastic lithosphere is
in green. The mantle is composed of Maxwell viscoelastic layers with
arbitrary thickness, rheological parameters, stiffness and density. The
uniform fluid nucleus is in grey.
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2.3.2 Some words about Tegmark grid

As discussed in Spada et al. (2019a) [20] and Spada et al. (2019b) [44], in SE-
LEN the spatial discretization of the SLE is accomplished on the equal-area,
icosahedron-shaped pixelization of the sphere first introduced by Tegmark
(1996) [26] and employed in astrophysics to study the Cosmic Microwave
Background [45]. The grid is particularly convenient for the manipulation
of harmonic functions, for the computation of power spectra, and for the nu-
merical evaluation of surface integrals (quadrature) on the sphere. Here, I

briefly explain how it works.

The Tegmark grid is characterised by a resolution parameter R,.s that deter-
mines the density of the pixels on the surface of the unit sphere, and conse-
quently the size of the grid cells. For a given value of R,s, the number of

pixels on the grid is:

P = 40Ryes(Ryes — 1) + 12 (2.34)

where each pixel is the center of slightly distorted, hexagonal equal-area grid

cells. For a given pixelization, the cell area is

(2.35)



HOW DOES GIA WORK? 65

where a = 6371 km is Earth’s radius. Thus, the angular half-amplitude of a

disk on the sphere having an area A€, is

180° 2
0= 80 cos ! <1 - ) (2.36)

where 0 is expressed in degrees. For a sufficiently large number of pixels, the
cell can be assimilated to a disk on a plane. An approssimate value for the

radius of the disk is

2a
Teell = —F—= (237)

VP

an expression which is useful to obtain a quick estimate of the grid spacing.

2.3.3 TABOO, a posT glAcial rebOund simuletOr

To model the Earth’s viscoelastic response to ice load changes, in the Alpine
regions, from LGM to present, has been used the open source TABOO software
[38, 39] to compute the vertical displacements U. Due to its relatively small
size, in fact, no Alpine component is included in the most recent global GIA
models such as ICE-7TG_NA [10, 46], therefore, to do this, the ice chronology

proposed by Seguinot (2019) [47] that was used which was converted into
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axisymmetric disk-shaped elements suitable for use with TABOO. However,

TABOO is not a sea level equation solver.

The modelling procedure is based on the Green’s functions formalism intro-
duced by [48] and extended by [22], where vertical displacement and geoid
change Green’s functions represent the response of the solid Earth to a unit
load applied on its surface. The model used here is caracterized by a non-
rotating, incompressible, self-gravitating and spherically symmetric Earth model

and uses axial-symmetric disks to describe surface loads [30, 38, 39].

This process will be detailed in the following Chapter 3, where I will focus on
the Mediterranean basin and in particular on the Venetian Lagoon, a region
where a large number of past observations of relative sea level have been

collected.
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Chapter 3

ONGOING SEA-LEVEL RISE AND
VERTICAL LAND MOVEMENTS IN
THE VENETIAN LAGOON: THE
CONTRIBUTION OF GLACIAL
ISOSTATIC ADJUSTMENT FROM
THE ALPINE ICE SHEET

Although the GIA contribution in northern Adriatic Sea has been the subject
of various investigations so far, significant uncertainties still exist, especially

related to the extent and chronology of the Wiirm Alpine ice sheet and to the
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rheological profile of the mantle. Here, taking advantage of the recent publica-
tion of updated deglaciation chronologies for the far field late-Pleistocene ice
sheets and for the near-field alpine ice complex, are produced up-to-date esti-
mates of the present-day rates of GIA-induced relative sea-level variations and
vertical displacements in the Venetian Lagoon and in the northern Adriatic

Sea, which are compared with GNSS and tide-gauge observations.

In this chapter I resume my publication on Geophysical Journal International,

Volume 233, Issue 3, June 2023, Pages 2039-2052. See Appendix B for details.

3.1 Introduction

The Venetian Lagoon is a shallow coastal inlet located along the Adriatic Sea
in northeastern Italy (see Figure 3.1), which originated nearly 6000 years BP
at the apex of the Flandrian Transgression [1-3]. Since then, sea levels have
undergone minor oscillations. In this area, the sea-level variations result from
a range of simultaneous, interrelated processes of geodynamical, geological,
and meteorological nature, as recently discussed by [4]. Among these, a po-
tentially important contribution is given by GIA, the process arising from the
interactions between the cryosphere, the solid Earth and the oceans in re-
sponse to the melting of ice loads, has been introduced in Section 1.1. While
sea-level signals caused by tectonic forces may exhibit a complex spatial and
temporal variability (e.g. [5, 6]), those associated with GIA are characterized

by smooth, long-wavelength patterns [7, 8]. However, [9] have shown that the
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regional variability of GIA in the Mediterranean is significant in spite of the
relatively small extent of the basin, demanding the adoption of high resolution

models.

Although the GIA contribution in northern Adriatic Sea has been discussed
several times, significant uncertainties still exist, especially related with the
extent and chronology of the Wiirm Alpine ice-sheet (from 26 to 9 Kyr BP)
that, due to its proximity to the Venetian Lagoon and to the coasts of the
northern Adriatic, is still affecting the isostatic equilibrium in these particular
areas. This was first pointed out by [10], who studied the post-glacial rebound
process occurring in the Swiss Alps and the surrounding regions using a sim-
plified disk model (see discussion in [11]). Following the work of [10], [12]
estimated the effects of melting of the Alpine ice sheet, including relative sea-
level and geodetic signals. They focused on the GIA effects in the Po plain and
along the coasts of the Adriatic Sea, extending results by [5] who only con-
sidered isostatic effects associated with the remote ice sheets, thus neglecting

the possible role of the Wiirm Alpine glacier.

GIA in the northern Adriatic Sea has been the subject of various investigations,
sometimes leading to contrasting results. For example, according to the GIA
model based upon the K33_j1b_WS9.6 ice sheet history of [13], sea-level in
Venice raised by about ~ 2.2 m over the past 5,000 years, with present-day
rates of relative sea-level change of ~ 0.4 mm/yr. Conversely, the ICE-TG_NA

(VM7) GIA model by [14] predicts a substantially stable sea-level over the
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same period, pointing to a negative contribution of GIA to present-day sea-
level change. In addition to the different rheological layering assumed in the
two GIA models, these discrepancies are to be attributed to differences in
the ice sheet chronologies, reflecting our still incomplete understanding of the
spatial and temporal evolution of continental ice sheets during last millennia.
Besides those global aspects, on the Northern Adriatic scale a major difference
exists between those two GIA models. Indeed, ICE-7G_NA does not include
glacial loads over the Alps, while models from the Kurt Lambeck group of
the Australian National University (ANU) [13] contain an Alpine component,
albeit it does not provide a detailed and up-to-date description of the evolution
of regional ice loads; these differences are the most likely cause of inconsistent
estimates of GIA in the Northern Adriatic between the various available so

far models.

The availability of updated global GIA models like ICE-7TG_NA (VMT7) by
[15, 16], which is expected to provide more precise assessments of the ongoing
effects of GIA across the Mediterranean Sea [14], and the recent reconstruc-
tions of the Wiirm ice sheet over the whole last glacial cycle [17], whose impli-
cations upon vertical land movements across the Po plain and the surrounding
regions have not yet been investigated, motivates a re-evaluation of GIA in
the Venetian Lagoon using state-of-the-art numerical models recently devel-
oped [18], which allow a more comprehensive simulation of GIA processes and

are able to attain high spatial resolutions. The latter aspect is of particular
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importance, in view of the narrow geographical extent of the northern Adriatic

sea.

This Chapter is organized as follows. In Section 3.2 we review previously
published results on sea-level change and vertical land motion in the Northern
Adriatic, and we present our estimates of vertical velocities based on publicly
available geodetic time series. In Section 3.3 we describe our approach to
GIA modeling, including the effects of both remote and near-field ice sheets.
Our numerical results are presented in Section 3.4, before discussing their
geophysical interpretation in Section 3.5. Finally, my concluding remarks are

outlined in Section 3.6.

3.2 Sea-level change and vertical land motion in the

northern Adriatic

3.2.1 Tide gauge and altimetry observations

The Venetian Lagoon covers about 550 km? along ~ 50 km of low-lying coast
within the easternmost boundary of the Po Plain. It is connected to the
northern Adriatic Sea through three tidal inlets, namely Lido, Malamocco
and Chioggia (Figure 3.1), and is characterized by a marked vulnerability to
coastal flooding due to extreme water heights [19]. The monitoring of sea-
level changes in Venice relies on both in situ observations recorded by tide

gauges and remote sensing data provided by satellite altimetry. Since tide
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Figure 3.1. Overview of the study area. The dashed box corresponds to the region
shown in Figure 3.2a. From [3].
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Figure 3.2. Location of PSMSL tide gauges in the Venetian Lagoon (a) and annual
RLR time series for Trieste (c, ID: 154), Venezia Punta Della Salute (d,
ID: 168), Venezia Santo Stefano (e, ID: 39), Venezia II (f, ID: 2100) and
Venezia Arsenale (g, ID: 87). The red line in panels (b)-(e) is obtained
with a linear regression of the tide gauge time series; the corresponding
rate of sea-level change is reported in the panel headers. Note that the
time ranges are different for frames (c)-(g). Data have been obtained
from the PSMSL web page (https://www.psmsl.org. From [3].
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gauges record sea-level relative to the solid Earth, they are expected to be
affected significantly by vertical land movements and in particular by GIA
(see e.g., [4]).

Various estimates for the trend of secular sea-level rise in the Venetian Lagoon
have been proposed in the literature. For an in-depth review, the reader is
referred to [4]. Studies based on instrumental records have generally provided
rates between 0.4 and 1.4 mm/yr [20-24]. The wide range of estimated rates
depends, in part, on the relative duration of the tide gauge records used in
these studies but it is also a consequence of anthropogenic factors, mainly the

withdrawal of groundwater, which has varied in intensity through time [4, 25].

In this thesis work, I rely upon the tide gauge data made publicly available
by the Permanent Service for Mean Sea Level (PSMSL, http://www.pol.
ac.uk/psmsl). Those of Trieste and Venice (Venezia Punta Della Salute)
are by far the longest spanning records [26, 27] in the northern Adriatic Sea
(see Figure 3.2). For a summary of the record lengths and data availability
from other sites, the reader is referred to [28]. The Revised Local Reference
(RLR) records across the Adriatic Sea share similar temporal patterns, with
inter-annual and inter-decadal components showing the same general trends
and amplitudes [28]. The overall picture shows that the sea-level behaviour
in the Adriatic Sea on these time scales is, to a large extent, uniform [29].
The longest-spanning station of Venice (Venezia Punta Della Salute) shows a

trend of (2.4 £ 0.2) mm/yr, twice the trend of Trieste of (1.2 £ 0.1) mm/yr
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[3, 27]. Two other tide gauge stations are available in Venice, both operating
since early 20th century: Venezia Santo Stefano, with a trend of (2.5 £ 0.4)
mm/yr [30], and Venezia Arsenale, with a trend of (1.8 + 1.0) mm/yr [26].
Data from these stations are shown in Figure 3.2. Venezia Santo Stefano
is characterized by a rate consistent with the value at Venezia Punta Della
Salute, but note that the two records cover time windows that do not overlap.
Although the rate of sea-level change at Venezia Arsenale is affected by a very
large uncertainty, it is found to be in general agreement with rates from other
tide gauges in the Venetian Lagoon. Conversely, the sea-level trend at Trieste
is considerably smaller than rates in the Venetian Lagoon; this difference is
likely to be the result of high rates of subsidence in the Venice area due to
groundwater extraction activities. It is worth noting that the standard error
for records longer than 50 years is less than 0.3 mm/yr while the two records
exceeding 80 years (namely, Venezia Punta Della Salute and Trieste), have
errors < 0.2 mm/yr, and for shorter records spanning about 25 years the error

is > 0.6 mm/yr [26].

Furthermore, in Venice we have the chance of comparing the rates from tide
gauge records with independent sea-level observations. For instance, on the
basis of “photographic” evidence from the Venetian painters, [31] estimated
that in the period 1727-2000 the average rate of sea-level rise in the lagoon
has been (2.3 + 0.4) mm/yr, consistent with the trends obtained with the
longest tide gauge records available. I remark also that a long-term record

of relative sea-level change is provided by tidal notches found in the northern
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Adpriatic [3]. The notches, whose age is only poorly determined, are currently
located at depths ranging between 0.5 and 0.6 m below current sea-level. If
they can be considered as relatively recent, as suggested by similar structures
found in Roman jetties [32], then they may be consistent with a long term

sea-level rise of > 0.3 mm/yr.
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Figure 3.3. Comparison between sea-level change trends obtained from tide gauge
records shown in Figure 3.2. From [3].

In contrast with the in situ observations from tide gauges, satellite altimetry
observations are only available since the mid 70s. Their accuracy in estimating
sea-surface height has increased considerably in the early 90s with the launch
of the TOPEX /Poseidon satellite mission, and later with the Jason missions.

An overall global-mean rate of absolute sea-level rise of ~ 3 mm/yr during the
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“altimetry era” (i.e., since year 1992) is reported by several studies (see, e.g.,
[33, 34]). The quantity and quality of altimetry data for the northern Adriatic
Sea and in the Venetian Lagoon has been recently thoroughly reviewed by
[4], who estimated a trend of absolute sea-level rise of (5.9 £ 1.4) mm/yr
over the period 1993-2008, at a point in the Adriatic Sea that lies ~ 80 km
away from Venice. In contrast, [35] obtained trends of (4.18 £+ 0.92) mm/yr
and of (3.40 + 0.99) mm/yr during time periods 1993-2014 and 1993-2013,
respectively, at a point that lies close to the Venetian tide gauges. In their
reanalysis over the time period 1993-2015, [36] obtained a trend of (4.03+£1.27)
mm/yr after the removal of the seasonal component (see, e.g., [37]). The
above rates of absolute sea-level rise obtained for Venice and for the northern
Adriatic clearly exceed the global average of ~ 3 mm/yr observed by altimetry
[33]. However, according to global studies, they also exceed (by one order of
magnitude) the contribution that we expect from GIA, which according to
state-of-the-art models is close to 0.3 mm/yr when averaged over the oceans
(see, e.g., [38, 39]). Local predictions, specific for this study, shall be provided

in the following using updated GIA models.

3.2.2 GNSS observations

Vertical land movement (VLM) constitutes a very important contribution to
the variability of sea-level in the Venetian Lagoon [3, 4, 40]. VLM results from

the combination of different components due to tectonics, sediment loading
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and compaction, GIA and anthropogenic activities [25, 41]. In the Venice
area, all these components induce non-negligible displacements although their
magnitude and relative importance have changed over time. The net result
is a coastal subsidence that exacerbates the effects of climate-driven sea-level

rise [4].

In this thesis work I have analyzed 45 GNSS time series for the Venetian La-
goon and the surrounding areas, distributed from the Nevada Geodetic Lab-
oratory (NGL) at the University of Nevada, Reno. Details on the data set
are available on the NGL webpage (http://geodesy.unr.edu/index.php).
Following [42], [43] and [44], we considered only time series whose length is at
least 2.5 years. Indeed, according to Blewitt and Lavallée (2002) [45], this is
the minimum acceptable length to ensure that estimated trends are not signif-
icantly affected by biases due to seasonal components in the displacement time
series. To estimate vertical velocities from the GNSS time series was used the
MIDAS (Median Interannual Difference Adjusted for Skewness) median-trend
algorithm introduced by [46]. We also use the equipment changes tabulated by
NGL from station “site logs” (i.e., antenna/radome changes and receiver make
changes). The MIDAS trend estimator can handle common problems such as
step discontinuities, outliers, seasonality, skewness, and heteroscedasticity, and
it represents a variant of the Theil-Sen non-parametric median trend estima-
tor [47, 48]. The MIDAS-estimated velocity is essentially the median of the
distribution of 1 year slopes, making it insensitive to the effects of steps in the

time series if are sufficiently infrequent. The uncertainties obtained through
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the MIDAS algorithm have a realistic meaning and usually do not require fur-
ther scaling (see e.g., [49-53]. Thus, time series length must be greater than
one year such that at least one full cycle of periodic seasonal behavior, if it
exists, is captured, and any transient signals can be distinguished from secular
behavior. The differencing of pairs separated by a year minimizes effects with
annual periodicity, but not other transient signals with different periodicity as

suggested by [54].

Figure 3.4 shows the location of the 45 GNSS sites considered in this work, the
vertical velocity v that I obtained at each site and the associated uncertainty
oy. Numerical values of (v £ 0,) for each GNSS site are listed in Tables 3.1
and 3.2. The length of the individual time-series are shown in Figure 3.5 while

the MIDAS processing are shown in Figures 3.6, 3.7, and 3.8 respectively.

We note that among those considered in Figure 3.4a, I obtain a positive vertical
velocity (i.e., an uplift) at only 7 stations out of 45: TREV (0.71 + 0.87
mm/yr), VOLT (0.97 £+ 0.76 mm/yr), BASS (0.15 £ 1.36 mm/yr), MT06 (0.29
+ 1.04 mm/yr), MT10 (0.68 £ 0.87 mm/yr), MGRD (0.53 + 0.57 mm/yr),
and VITT (0.23 £ 0.77 mm/yr). The map in Figure 3.4a clearly highlights
the diffuse state of subsidence in the Venice region and in the surroundings.
Subsidence rates reach the maximum value of (—5.75+£2.54) mm/yr at MST1,
in the Mestre Metropolitan City of Venice. Large subsidence rates are also

found at TGPO (—5.26 £0.65 mm/yr) and at PTO1 (—5.15+0.76 mm/yr), in



ONGOING SEA-LEVEL RISE AND VERTICAL LAND
MOVEMENTS IN THE VENETIAN LAGOON: THE
CONTRIBUTION OF GLACIAL ISOSTATIC ADJUSTMENT

88 FROM THE ALPINE ICE SHEET

the Po Delta. The weighted average of vertical velocities over all the considered

stations is (—1.35 £ 0.10) mm/yr.

46°

46°

45° 4 r45°

v (mm yr'l) 13

Figure 3.4. Estimated vertical velocities (v, a) and associated uncertainties (o, b)
at the 45 GNSS sites considered in this work. An interpolated field for v
and o, is also shown. Note that the color scale in (a) is saturated at +5
mm/yr. The interpolation has been obtained with program surface,
which is part of the GMT (Generic Mapping Tools) package by [55],
employing a tension factor of 0.5.

3.3 Glacial Isostatic Adjustment

In what follows, I discuss our new model estimates of GIA in the Northern
Adriatic. We considered separately two contributions: i) the effect of global-

scale GIA in response to the melting of late-Pleistocene ice sheets, which are
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Figure 3.5. Time windows covered by the 45 GPS time series of vertical displace-
ment considered in this work.
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Figure 3.6. GNSS daily time series (up-component). The red line represents the
GPS velocity computed by MIDAS [46], and the green solid circles rep-
resent the offset daily coordinate time series. Note that both horizontal
and vertical axes vary.
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Figure 3.7. GNSS daily time series, namely the up-component. The red line repre-
sents the GPS velocity computed by MIDAS [46], and the green solid
circles represent the offset daily coordinate time series. Note that both
horizontal and vertical axes vary.
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Figure 3.8. GNSS daily time series (up-component). The red line represents the
GPS velocity computed by MIDAS [46], and the green solid circles rep-
resent the offset daily coordinate time series. Note that both horizontal
and vertical axes vary.
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ID lon lat GIA MIDAS
(deg) (deg) (mm/yr)  (mm/yr)

BASS 11.73 45.76 +0.44  4+0.15+1.36
CAFV 11.93 45.67  +0.43 —1.284+0.73
CAVA 12,58 45.47  +0.37 —2.54+0.71
CGIA  12.26 45.20 +0.33 —1.84 £0.77
CITT 11.79 45.63 +0.43 —1.19+£0.72
CODI  12.11 44.83 +0.26 —3.23 £0.65
CODR 12.97 45.95 +0.41 —0.52 £ 0.53
FER1 11.60 44.82 +0.26 —0.60 £+ 0.69
FERA 11.62 44.81 +0.26 —2.994+0.83
GARI  12.24 44.67  +0.22 —3.27+0.63
GRDO 13.38 45.68 +0.35 —2.76 £ 1.00
LERO 11.95 45.34 +0.37 —1.38 £0.84
MDEA 13.43 45.92 +0.38 —0.43+0.49
MEDI  11.64 44.52 +0.19 —1.79+0.49
MGRD 12.01 45.97  +0.46 +0.53 + 0.57
MST1  12.23 45.49 +0.38 —5.75+2.54
MTO01  12.20 45.74 +0.42 —0.19£0.61
MTO06  12.13 45.83 +0.44  +0.29+1.04
MT10 11.89 45.88 +0.45 +0.68 +0.87
NOVE 12.58 45.66 +0.39 —3.02 £ 0.60
ODEZ 12.48 45.78 +0.41 —1.49+0.70
PADO 11.89 45.41 +0.38 —1.06 £0.53

Table 3.1. Vertical velocities estimated with the MIDAS algorithm at the 45 GNSS
sites considered in this study and corresponding modeled vertical veloci-
ties according to the combined effect of the ICE-7TG_NA (VM7) and iALP

models.
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ID lon lat GIA MIDAS

(deg) (deg) (mm/yr) — (mm/yr)
PAZO 13.05 45.80  +40.38 —0.87 £ 0.56
PORD 12,66 45.95  40.42 —0.02 £ 0.53
PORT 12.83 45.76  40.40 —4.124+0.75
PSAL 1233 4543 +40.37 —1.11£0.78
PTO1 1233 4495  40.28 —5.15+£0.76
REBO 12.03 45.19 +4+0.34  —0.66 £0.85
ROVI 11.78 45.08  +0.32 —1.28 £0.53
SDNA 12,56 45.63  +0.38 —1.07 £ 0.65
SFEL 1229 4523 40.34  —3.88+0.75
SUSE 1220 45.85 4+0.44  —0.26 £0.88
TEOL 11.67 4534 4037 —0.13+£0.54
TGPO 1222 45.00  +40.29 —5.26 £0.65
TREV 12.25 45.66  +0.41 +0.71 £ 0.87
TRVS 1222 45.68  +0.42 —0.02 £ 0.85
UPAD 11.87 4540  +0.38 —1.55+1.10
VAL7 1199 45.89  +40.45 —0.124+1.02
VEN1 1235 4543 4037 —1.62+£0.56
VEN2 1235 4543  +0.37 —=3.02+0.94
VENE 1233 4543  +0.37 —1.00£1.23
VENI 1238 4542  40.36 —2.73+£1.13
VICE 11.55 45.56  +0.42 —0.47 £ 0.59
VITT 1230 4599 4045  +0.23+£0.77
VOLT 1191 4538  +0.38  +0.97 £0.76

Table 3.2. Vertical velocities estimated with the MIDAS algorithm at the 45 GNSS
sites considered in this study and corresponding modeled vertical veloci-
ties according to the combined effect of the ICE-7G_NA (VM7) and iALP
models.
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Figure 3.9. GNSS daily time series (up-component). The red line represents the
GPS velocity computed by MIDAS [46], and the green solid circles rep-
resent the offset daily coordinate time series. Please note that both
horizontal and vertical axes are different.

located in the far field of the study region, and #i) the contribution stemming

from the melting of the Alpine ice sheets during the last glacial cycle.

3.3.1 GIA in response to the melting of far field ice sheets

To model the effects of GIA in the NE Adriatic sea following the melting of
far-field ice sheets, I obtained a numerical solution of the Sea Level Equa-
tion (SLE), the integral equation describing the interactions between the solid
Earth, the oceans and the cryosphere in response to the evolution of surface ice
loads and described in the previous Chapter 2. Originally formulated by [56],
the SLE accounts for deformational, gravitational and rotational effects in-

duced by spatio-temporal variations of the ice and the meltwater loads [38, 57].
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In its simplest form, the SLE reads S(0, \,t) = N —U, where S is the sea-level
variation relative to the solid Earth, N is the sea-surface variation (absolute

sea-level change) and U is the vertical displacement of the bedrock.

The three fields, S, U and N, depend upon the location on the Earth surface
(colatitude # and longitude A) and on time ¢. As discussed by [18], N and
U also implicitly depend upon S, making the SLE an integral equation that
can be only solved through numerical iterative methods. Non-linear effects
in the SLE arise because of the migration of the shorelines in response to
GIA, and because of the transition between grounded and marine-based ice
that occurred during deglaciation. As a consequence of the SLE, the rate of
sea-level change S, the vertical velocity U and the rate of change of absolute
sea-level N are related by S = N — U, regardless the particular combination
of rheology and ice model employed, the Earth’s rotation effects are take into

account [58].

In this thesis work, we employ the ICE-7TG_NA (VMT7) GIA model, the latest
iteration of the ICE-X suite of global models developed by WR Peltier and
collaborators [15, 16]. The model describes the spatio-temporal evolution of
ice sheets starting from 26 kyrs BP, assuming a spherically symmetric Earth
with Maxwell viscoelastic rheology. We implemented the ICE-7TG_NA model
into the SELEN* open-source SLE solver [18, 59] by converting the geograph-
ical grids available on the home page of WR Peltier into a set of disc-shaped,

axisymmetric elements, arranged according to the equal-area icosahedron grid
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by [60], and assigning a piece-wise constant time history to each element.
The SELEN? solver has been configured to perform three external iterations
in which the evolution of paleo-topography is progressively refined and three
internal iterations in which the SLE is numerically solved for a given paleo-
topography configuration; for further details about the SLE solution scheme,
the reader is referred to [18] and its supplementary material. All the com-
putations are carried out up to harmonic degree l,,,,, = 128, which by the
Jeans’ rule corresponds to a minimum wavelength of about 312 km on the
surface of the Earth, and employing a resolution parameter R = 100 that cor-
responds to a global icosahedral grid with a pixel size of about 40 km (for
details, see [18] and it’s supplement). This choice of resolution parameters
provides an adequate representation of the spatial variability in the far field
of late Pleistocene ice sheets, while ensuring a reasonable trade-off between
model resolution and computational costs. Present-day topography has been
assigned to the icosahederal grid by averaging the bedrock version of the one
arc-minute resolution ETOPO1 global relief [61] over the cell area associated
to each pixel. We assume the VM7 rheological profile by [16], which includes a
75 km thick elastic lithosphere, a three-layer upper mantle, a transition zone, a
three-layer lower mantle and an inviscid fluid core; the structure of layers and
their viscosity values are those listed in Figure 2.2. The rotational feedback

on sea-level is taken into account following the revised theory of [62] and [63].
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3.3.2 Regional viscoelastic rebound modeling in the Alps

In previous studies about the role of GIA in the Mediterranean region (see e.g.,
[12]), the time evolution of the Alpine ice sheet has been modeled [64] coarsely,
based upon the seminal works of [10] and [65]. Since due its relatively small size
no Alpine component is included into the most recent global GIA models as
ICE-7TG_NA, here we rely upon the high-resolution reconstruction of the Alpine
ice sheet during the past glacial cycle proposed by [17], which will be referred
to as iALP model in the following. This model, based on numerical simulations
forced by the GRIP palaeco-temperature records in the alpine region from the
Greenland Ice Core Project [66], provides the ice thickness distribution during
the last 120 kyrs BP on a grid with a horizontal spacing of 2 km; a few

snapshots of the IALP ice chronology are shown in Figure 3.10.

The ice chronology proposed by [17], given on a regular cartesian grid, has been
converted into disc-shaped axisymmetric elements suitable for use with the
TABOO open source post-glacial rebound simulator [67] and briefly introduced
in the Section 2.3.3, by assigning to each disc element an ice height time history
obtained as the average over all the grid nodes falling within the disc area.
For consistency, the rheological model follows the VM7 viscosity profile by [16]
(see Section 2.1.2), the same adopted to simulate the effects of the far-field
ice sheets, described in Section 3.3.1. The size of the discs is 0.5°, sufficient
to capture the main features of model iALP. Furthermore, it has been verified

that a higher resolution would essentially provide the same results, due to the
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strong low-pass filter effect that is exerted by the elastic lithosphere and to
the fact that possible artifacts due to the discretization of the load would only
affect predicted observables at distances from the load comparable to the size

of the disc [3].

I remark that while the effect of global GIA is obtained by means of a gravita-
tionally and topographically self-consistent solution of the SLE, the regional
effects due to the melting of the Wiirm Alpine ice sheet have been modeled
adopting a simplified approach in which the geoid term is neglected and the
approximation S ~ —U is assumed. As discussed by [68], [11] and [3] this
approximation is valid in the vicinity to the previously glaciated regions, and
allows for a simplified evaluation of sea-level change in response to the melting

of small ice sheets.

3.4 Results

In this section, I discuss the numerical results obtained by means of the GIA
models described in Section 3.3, focusing on the present-day effects on the rates
of relative sea-level change (S), of vertical land motion (U) and of absolute
sea-level change (N). These fields are sometimes referred to as GIA finger-
prints [38, 69] (see Section 1.2, and their spatial variability reflects the global
effects of deformation, gravitational attraction, and rotation within the system

composed by the solid Earth, the oceans, and the ice sheets [3, 7, 18, 39, 70].
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Figure 3.10. Ice thickness and extents of the Alpine ice sheet by [17], at 26 (a), 21
(b), 18 (c¢), 15 (d), 12 (e) and 9 kyr BP (f). Red squares indicate the
location of major cities [3].
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3.4.1 Sea-level change

Figure 3.11 shows the present-day rate of sea-level change S across the Mediter-
ranean basin according to the ICE-TG_NA (VM7) GIA model. If GIA from
the melting of past ice sheets was the unique cause of contemporary sea-level
change, those rates would directly manifest as long term sea-level trends at
tide gauges. Since GIA evolves on the time scales of millennia, the trends are

nearly constant on periods of decades or centuries (e.g., [3, 38]).

The pattern in Figure 3.11, whose general features are well known from previ-
ous studies of GIA, has been recently reconsidered and discussed by [9]. The
expected maximum rates occur at the center of the sub-basins, with values of
S up to ~ 0.3 mm/yr in the Balearic Sea, up to ~ 0.2 mm/yr in the Tonian
and in the Levantine Sea, and up to ~ 0.05 mm/yr in the Black Sea. As
pointed out by [9], these rates constitute a significant fraction of the trends
observed at tide gauges facing these sub-basins. The spatial variability of S
across the Mediterranean is explained in terms of the ongoing flexure of the
lithosphere induced by the melt-water loading, causing a sea-level rise relative
to the seafloor. Predicted S values decrease and vanish along the southern
coasts of the Mediterranean between Algeria, Tunisia, Libya and south Israel.
Remarkably, in the Adriatic Sea S changes its sign and a sea-level fall (S <0)
is expected due to GIA, with rates between —0.34 and —0.38 mm/yr in the
Adriatic Sea facing the Venetian Lagoon. A similar pattern is observed in

other narrow coastal inlets, as discussed by [9] and [3]. It should be noted
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that the rates in Figure 3.11 are significantly different from those obtained
by [5], based upon the ICE-3G(VM1) GIA model [71]. This confirms that
GIA predictions are not given once for all, but they evolve according to im-
provements in the knowledge about the chronology of the late-Pleistocene ice
sheets and on the mantle viscosity profile, and steps forwards in the numerical

techniques employed to solve the SLE (see, e.g., [9, 38]).

Figure 3.12 shows the contributions of the ICE-7TG_.NA (VMT7) and iALP
models to S and U GIA fingerprints in the Venice Lagoon, as well as the
cumulative effect of the two models. When only the melting of remote ice
sheets is considered (Figure 3.12a), S varies, in the study area, between —0.38
mm/yr (Venezia and Trieste) to —0.29 mm/yr (Rimini) and goes further down
to —0.22 mm /yr south of Ancona. These rates are different with respect to pre-
vious results by [58], who obtained positive S values across the Mediterranean
region. This is to be attributed to the different GIA model assumed by [58],
who employed ICE-5G(VM2) by [72], and to the higher spatial resolution of

our numerical solution of the SLE adopted in the present study.

The melting of the Alpine glacier (Figure 3.12c) is also responsible for a
sea-level fall across the northern Adriatic region, albeit of slightly smaller
amplitude with respect to that due to global GIA. Modeled rates of sea-level
change decrease from north to south, from about —0.30 mm/yr (Venezia and
Trieste) to about —0.12 mm/yr (Rimini and Pula) and reach zero south of

Ancona. Therefore, the melting of the Wiirm Alpine ice sheet further enhances
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Figure 3.12. Modeled GIA fingerprints S (left frames) and U (right) in the Northern
Adriatic. Top frames (a-b) show predictions according to the global
GIA model ICE-7TG.NA (VMT7), middle frames (c-d) those obtained
with the iALP regional GIA model, and bottom frames (e-f) the total
effect due to the ICE-TG_NA (VM7) and iALP GIA models. Results
shown in frames (a) and (b) have been obtained using the SELEN*
SLE solver, while those in frames (c) and (d) have been computed
with the TABOO code.
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the sea-level fall associated to continental levering due to the melting of remote
ice sheets. Indeed, the cumulated effect of the ICE-7TG_NA (VM7) and iALP
models, shown in Figure 3.12e, is a general sea-level fall in the study area, with
S values ranging from about —0.7 mm/yr (Venezia and Trieste) to about —0.3
mm/yr (Rimini), and reach the —0.2 mm/yr level south of Ancona, where only
the contribution due to global GIA is significant due to the large distance from
the Alps. Therefore, it is clear that taking into account the iALP model is
essential for a careful reconstruction of the GIA-driven sea-level change in the

Venetian Lagoon region.

It is of particular importance here to compare modeled estimates for the GIA
contribution to the rate of sea-level change with the observed rates that I dis-
cussed in Section 3.2.1. For Venezia Punta della Salute, the longest-spanning
(1909-2000) tide gauge record among those available in the PSMSL database,
the observed rate is (2.4 + 0.2) mm/yr. Taking into account that the GIA-
induced sea-level fall at this site is of about —0.7 mm/yr, resulting from the
combined effect of near-field and remote ice sheets, we would obtain a GIA-
corrected rate of sea-level rise of about 3.1 mm/yr. The contribution of GIA
to sea-level change is even more important at Trieste, where a smaller rate of
(1.2 £ 0.1) mm/yr is observed; taking GIA into account, we would obtain a
corrected rate of about 1.9 mm/yr. Modeling the effect of GIA is therefore im-
portant for a correct interpretation of the various factors that are contributing
to contemporary sea-level change in the Northern Adriatic and in the Venetian

Lagoon.
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3.4.2 Vertical land motion

In Figure 3.12b are shown the predicted vertical velocity U according to the
GIA model ICE-7G_NA (VMT7). The GIA fingerprint U represents the present-
day rate of vertical land motion that would be observed, at a given location,
by an earthbound GNSS receiver. In the Venetian Lagoon, predicted uplift
rates for ICE-7TG_NA (VMT7) are in the range between 0.05 and 0.10 mm/yr,
slightly different than those obtained by [5] and [58], based on models ICE-3G
(VM1) and ICE-5G (VM2), respectively. Moving southward, vertical velocities
predicted by ICE-7G_NA (VMT7) decrease and turn into a subsidence with rates
of —0.05 mm/yr between Rimini and Zara and —0.10 mm/yr south of Ancona.
We point out that ICE-7TG_NA (VMY7) predicts a relative sea-level fall (Figure
3.12a) even in the subsiding region of the study area (Figure 3.12b). This
apparent paradox is allowed by the SLE since the relationship S=N-U
holds true (see [39]), and therefore the conditions S < 0 and U < 0 can
be simultaneously verified for suitable values of the rate of absolute sea-level

change N.

Figure 3.12d shows the modeled vertical velocities due to the melting of the
Wiirm Alpine glaciers. Over the northern Adriatic Sea these rates largely
exceed those due to global GIA and therefore represent the dominant contri-
bution to GIA-induced vertical land motion in the study area. Indeed, model
IALP predicts uplift rates U around 0.3 mm/yr in the Venetian Lagoon and

in the range between 0.2 and 0.1 mm/yr across the most part of the northern



ONGOING SEA-LEVEL RISE AND VERTICAL LAND
MOVEMENTS IN THE VENETIAN LAGOON: THE
CONTRIBUTION OF GLACIAL ISOSTATIC ADJUSTMENT
FROM THE ALPINE ICE SHEET 107

Adriatic (Rimini and Pula). The uplift velocities rapidly decay when mov-
ing southward, as the distance from the former ice load increases, with rates

reaching zero south of Ancona.

The total effect of ICE-7G_NA (VM7) and iALP on the predicted present-day
vertical velocity U is shown in Figure 3.12f. The rate of vertical land motion
varies between 0.4 mm/yr (Venezia and Trieste) to 0.2 and 0.1 mm/yr (Rimini
and Pula) and reaches zero south of Ancona, turning to a subsidence in the
southern part of Adriatic Sea. The pattern of vertical land motion in the
study area is largely dominated by the contribution of iALP, confirming the
importance of taking into account the melting of the Wiirm Alpine glaciers to

model GIA effects on geodetic observables in the region [3].

Table 3.1 and Table 3.2 lists modeled vertical velocities at the 45 GNSS sites
considered in this study due to the combined GIA effect of the ICE-7TG_NA
(VM7) and iALP models. Rates of vertical land motion due to GIA are gen-
erally smaller than the uncertainties associated to the MIDAS estimate of
the observed velocity. However, the impact of GIA on observed velocities is
generally not negligible; indeed, the average GIA-induced rate of vertical land
motion over the 45 considered GNSS sites is +0.37 mm/yr, representing about
28% of the average vertical velocity (—1.35 mm/yr) of the GNSS sites listed
in Table 3.1 and Table 3.2. Only at sites where the largest subsidence rates
are recorded (e.g. MST1, TGPO and PTO1), GIA-induced rates represent a

second-order contribution to present-day land movements.
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3.4.3 Absolute sea-level

The last GIA fingerprint considered is N, the present-day rate of change of
the sea surface height (or absolute sea-level). If only GIA was contributing
to contemporary sea-level change, N would be directly observed by satellite
altimetry [33, 73]. As discussed in Section 3.3.1, the N fingerprint is related
to S and U by S = N —U. Figure 3.13 shows the rate of sea surface height N
due to global GIA, according to the ICE-7TG_NA (VM7) model. The spatial
pattern of N is characterized by a much smoother variability when compared
with S and U [58]. Its amplitude is close to —0.3 mm/yr, the global ocean
average of N often adopted as a rule of thumb in satellite altimetry [38, 74].
It is not possible to estimate an N GIA fingerprint for model iALP since, as
discussed in Section 3.3.2, I am neglecting the geoid term in our approach to
regional GIA modeling. In the northern Adriatic and in the Venetian Lagoon,
as discussed in Section 3.2.1, satellite altimetry hints to a sea surface rise
between +4 and +6 mm/yr, a range that lies above the global mean of +3
mm/yr during the “altimetry era”. These rates are only marginally affected
by GIA, which induces a sea surface fall of about —0.3 mm/yr, approximately

uniform throughout the region.
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Figure 3.13. Predicted rate of present-day rate of change of the sea surface height
N in the north Adriatic sea, according to model ICE-7TG_NA (VMT).
The computation have been performed using program SELEN*.

3.5 Discussion

Studying sea-level change and vertical land motions in the northern Adriatic
Sea, and in particular in the Venetian Lagoon, is of paramount importance in
view of the highly vulnerable coastal environments. Accurate modeling of the
impact of GIA on these observables is a key factor to allow the identification

of the various geophysical contributions which are driving the measured rates.

In Section 3.4, it has been shown that the pattern of present-day GIA-induced
rates of sea-level change in the Mediterranean is characterized by positive
values in the bulk of the basin, with peak values of S of about 0.3 mm/yr,

due to the sea floor subsidence associated to the melt-water load [6, 70]. On
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the contrary, in the northern Adriatic Sea, our global GIA model predicts
a sea-level fall with rates between —0.38 mm/yr (Venice and Trieste) and
—0.26 mm/yr (Ancona). As discussed in detail by [9], negative values of S
are common in narrow sub-basins, where the coastal profiles are characterized
by a short radius of curvature, and can be explained in terms of continental

levering (see, e.g., [70]).

The vertical velocity field induced by the ongoing effects of global GIA is char-
acterized by a tilting pattern, with the northern coast of the Adriatic (between
Venezia and Trieste) uplifting with rates between 0.05 and 0.10 mm/yr, while
the southern part of the study area (south of Ancona) is subsiding at a rate
of about —0.1 mm/yr. If we take into account the contributions from both
global and regional GIA, our model predicts a widespread sea-level fall in the
northern Adriatic, with rates decreasing southward from —0.7 mm/yr between
Venezia and Trieste to —0.2 mm/yr south of Ancona, and an uplift field with
vertical velocities of about 0.4 mm/yr on the northern margin of the basin,

which decrease southward reaching the zero level at Ancona.

Sea-level rise and vertical land motion in the northern Adriatic is the result of
a wide range of geophysical, geological and anthropogenic effects. As shown,
modeling GIA effects in the region is of key importance to correctly identify
the drivers of observed sea-level rise and to interpret measured velocities at
GNSS stations. For an accurate GIA modeling, the isostatic response to the

melting of the Alpine Wiirm ice sheet needs to be taken into account. Of
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course, GIA models are not given once and for all and further elements need
to be included in the future. For instance, due to lateral variations in the
rheological properties of the Earth, GIA is a fully 3-D global problem; this
is especially true in regions like the Mediterranean basin, characterized by
structural heterogeneities due to its complex geodynamical setting [75]. Fur-
thermore, as pointed out in the seminal work by [76], the Alps structure at
depth shows significant differences between the western and eastern sections
of the arc, possibly reflecting a difference in past subduction of the Tethyan
lithosphere and subsequent continental collision. In this respect, a fully 3-D
regional GIA model may possibly explain, at least in part, the horizontal gradi-
ents in vertical geodetic velocities and sea-level rates in the Northern Adriatic.
However, the computational complexity of a 3-D numerical approach to the
GIA problem is such that only few attempts to 3-D GIA models have been
discussed in literature (see, e.g. [77]). Moreover, uncertainties on the details
of the ice load evolution also affect GIA predictions [78]. In this respect, up-
lift estimates from GIA models in the Alpine region in the presence of lateral

rheological variations are still a matter of discussion.

3.6 Conclusions

In this work, it was obtained an up-to-date, high-resolution estimate of sea-
level change and vertical deformation at the Mediterranean scale, based upon

the ICE-7TG_NA (VMT7) GIA model of [14] and a reconstruction of the time evo-
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lution of the Alpine ice sheet during the last glacial phase obtained by [17]. To
estimate present-day geodetic fingerprints, it was combined an high resolution,
global solution of the SLE describing the topographically and gravitationally
self-consistent response to the melting of late-Pleistocene ice complexes with
an approximated approach suitable for modeling the regional-scale effects as-
sociated with the Alpine ice sheet. Indeed, due to its proximity to the Alpine
arc, the northern Adriatic region is expected to be significantly affected by
near-field isostatic effects associated with the melting of the Alpine Wiirm ice
sheet. These results suggest that regional GIA in response to the melting of
near-field ice sheets further enhances the sea-level fall associated with global
GIA, and represents the dominant GIA contribution to vertical land motion in
the northern Adriatic with uplift rates up to 0.3 mm/yr on the coast between

Venezia and Trieste.

By comparing vertical velocities provided by our GIA model with observed
rates at GNSS sites, it was found that GIA effects are a marginal contribution
to geodetic velocity only at sites where the largest subsidence is recorded.
Conversely, at the majority of GNSS sites, GIA may represent a significant
contribution to observed rates and shall be taken into account for a correct
interpretation of the velocity field. Similarly, GIA-driven sea-level change
represents a fraction of the observed rates of sea-level ranging from 30% in the
Venetian Lagoon to over 50% at Trieste, and it significantly mitigates sea-level

rise due to present-day climate change, to the natural compaction of recent
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fine-grained alluvial deposits and to anthropic activities like the extraction of

underground fluids.

GIA models are constantly evolving as knowledge about the spatio-temporal
evolution of late-Pleistocene ice sheets and on the mantle viscosity improves,
and as new numerical techniques are developed. The Mediterranean region
is characterized by a complex geodynamical setting, and structural hetero-
geneities beneath the Alpine arc are well known from tomographic evidences.
A next generation of GIA models, based on a fully 3-D numerical approach to

the GIA problem, will allow a more accurate modeling of GIA fingerprints.

In the next chapter of this thesis I will present a work that was carried out
during the third year of PhD and which was presented at various national
and international conferences (see Appendix B). I will investigate on lateral
strength variations of the lithosphere in the Graham Land (Antarctica Penin-
sula). This work could be fundamental for the next generation of GIA models
since, as already mentioned above, it is the strength and rheology of the litho-
sphere that controls its deformation; hence, a proper understanding of these
properties is essential if the consequences of any such deformation are to be

predicted.
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Chapter 4

STRENGTH OF THE LITHOSPHERE
DERIVED BY GEOLOGICAL AND
GEOPHYSICS DATA: THE GRAHAM
LAND (ANTARCTIC PENINSULA)
CASE STUDY

This chapter presents a method that allows studying of the strength of the
lithosphere even when information at depth is scarce but sufficient surface

data are available. It is widely known that the strength of the lithosphere
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and rheology control deformations and hence, a proper understanding of these
properties, is essential if we want to best constrain future GIA models. Utiliz-
ing numerical modeling, are simulated lithospheric deformation as a function
of geothermal heat flow and rheological parameters combined with the sur-
face deformation model obtained from GNSS signals processing, as discussed
in detail in Section 4.3. The Yield-Strength Envelope (YSE hereinafter) es-
sentially represents a vertical profile which predicts the maximum differential
stress supported by rock as a function of depth. In YSE rheology models,
the depth dependence of rock strength integrates multiple factors such as the
increase of both brittle and ductile strength with pressure, the decrease of
ductile strength with depth-increasing temperature, lithological structure and
fluid content. YSEs are used both to validate rock mechanics data and to

explain the mechanical behavior of lithospheric plates.

To do this I wrote a MATLAB [1, 2] code that allows you to calculate the
YSE as a function of the geological and geophysical parameters available in
the literature as explained in more detail in Sec. 4.4.2. Below is a flowchart
of the testing procedure that illustrates how the code works while a portion

of the code is shown in the Appendix as an example.

This chapter follows closely a publication in preparation.
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4.1 Introduction

The Antarctic continent is surrounded by the southern parts of Atlantic, In-
dian and Pacific Oceans (Figure 4.1) and is almost completely covered with ice
that reaches an averages thickness of ~ 1.9 km average thickness [3]. Antarctic
Peninsula (AP hereinafter) constitutes an 1300 km northward extension and
was initially interpreted as a continental arc of the Gondwanan supercontinent
margin, which developed during Mesozoic subduction [4]. The AP itself can be
divided into Graham Land and Palmer Land, corresponding to the northern
and southern portions of the peninsula, respectively. The AP is characterized
by highly complex geotectonic surroundings, with two major tectonic plates
converging in the area, the South American and the Antarctic Plates, and
several minor tectonic plates interacting each other (e.g., [5-7]). According
to [8], the geology of the AP can be divided into six broad units; however,
due to the complex tectonic setting, sparse rock exposure and lack of detailed
exploration, the fundamental structures and evolution of West Antarctica are

actively debated [9].

The study of geodynamics relies on an understanding of the strength of the
lithosphere, but our knowledge has generally been obtained from centimeter-
sized laboratory samples or from microstructural studies of naturally deformed
rocks [10]. Rheology studies the laws that govern the deformation of rocks
under the high temperature and pressure conditions of the mantle and require

input from many disciplines in the geological and geophysical sciences (e.g.,
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[11]). As a consequence, the strength of the Earth’s lithosphere has been
debated since the beginning of the last century [12], when the concept of a
strong lithosphere overlying a viscous asthenosphere was first introduced [13].
The concept played a major role in the development of plate tectonics [14], and
the question of how the strength of the plates varies spatially and temporally

is a fundamental one of geology and geodynamics [15, 16].

One-dimensional lithospheric strength is usually represented by a diagram of
shear-stress versus depth [17], known as the Brace-Goetze strength profile, or
informally as the “Christmas tree”, and strongly depends on the composition
of the constituent rocks. This constitutive property is usually extrapolated
from centimeter-sized laboratory samples [18, 19|, from structural studies of
naturally deformed rocks [20—22], or from a larger-scale perspective [23-26].
Many approaches are used to characterize the behavior of the lithosphere, and
in particular its deformation. For several years, this has mainly been described
by a model consisting of a weak lower crust, a relatively strong upper crust
and uppermost mantle [17, 27]. Jackson (2002) [15] proposed a model with
a weak mantle and a relatively strong lower crust in which the strength of
the lithosphere is carried mainly by the brittle crust, renamed by Burov et
al. (2006) [16] “créeme brilée” model. Subsequently, Biirgmann and Dresen
(2008) [28] proposed a model, named “banana split” for high-deformation
zones where processes such as grain-size reduction, chemical alteration, and

phase changes weaken the major lithospheric faults.
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Goetze and Evans (1979) [29] were the first to combine the data of experi-
mental rock mechanics and extrapolate them to geological time and spatial
scales. They introduced the YSE for the oceanic lithosphere, that is, a verti-
cal profile which predicts the maximum differential stress supported by rock
as a function of depth. In YSE rheology models, the depth dependence of
rock strength integrates multiple factors such as the increase of both brit-
tle and ductile strength with pressure, the decrease of ductile strength with
depth-increasing temperature, lithological structure and fluid content. YSEs
are used both to validate rock mechanics data and to explain the mechanical

behavior of lithospheric plates [30].

In this work, following Bird (1989, 1999) [31, 32] and more recently Carafa and
Barba (2011) [10], I determine YSE under Graham Land. Through numerical
modeling, I simulate lithospheric strength under the study region as a func-
tion of Geothermal Heat Flow (GHF) and rheological parameters previously
published in the literature and I combined them with the surface deformation

model obtained from GNSS observations.

4.2 Beckground

4.2.1 Strain rate

Estimation of a strain rate field from spatially discrete velocity data is a long-

standing issue to quantify crustal deformation [34] and different approaches
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are used to derive strain information from instantaneous velocity data defined
by global positioning (e.g., [35—41]). Some authors divide a region into a tri-
angulated network to estimate a mean strain rate within each cell using trian-
gulation survey data [42—44]. However, in this approach, the estimated strains
are discontinuous and depend on the partitioning scheme. More recently, con-
tinuous interpolation methods were developed. Haines and Holt (1993) [45]
developed a method for calculating the continuous velocity gradient tensor in
plate boundary zones using a bicubic spline function to interpolate scattered
geodetic data, and this method has been adopted in many subsequent studies
of crustal deformation (e.g., [46]. This method prescribes a certain degree of
smoothness on strain rate fields to stabilize the estimation from discrete veloc-
ity data without knowledge on major faults or block motions [34]. Sandwell
and Wessel (2016) [47] did not introduce a priori assumptions about the fault
structure and used an interpolation method of discrete 2-D vector data on the
basis of Green’s functions of an elastic body subject to forces in the plane.
Teza et al. (2023) [48] developed a MATLAB toolbox for the computation of
the strain rate field from the GNSS time series where the strain rate field is

computed at the nodes of a chosen regular grid.

In the present study, I used VISR, a code developed by Shen et al (1996,
2015) [49, 50] that models strain rates as continuous functions and provides
an interpolated velocity gradient field, using a modified least-squares method.
This method is easy to understand and implement, and has been widely ap-

plied to investigate characteristics of crustal deformation fields (e.g., [51-54].
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4.3 Theory behind the strength of the lithosphere

4.3.1 Physical formulation of the strain rate

Under the assumption that the crust deforms as a continuum medium [55] I
computed the 2-D strain rate tensor accounting for both ongoing geodynamic
processes and feedback mechanisms of internal crustal deformation [56, 57].
The strain rate field is not affected by the choice of reference frame and can
reflect the crustal deformation characteristics on different spatial scales [58-
60]; therefore, in geodynamic studies, geodetic observations are a valuable
source of data that can be used to detect, quantify, and model deformation in

the Earth’s crust [61].

If 4y and uy are velocities on the Earth’s surface along the co-latitude (6)
and longitude (\) directions, the components of strain rate can be expressed

as [62]:

. 1 Oug
0= R g (41)
1
Ex\ = 7% + — cot 8 (4.2)

Rsinf o\
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=3 [R <aa ~ ot 9) * Rnea)\} (43)

where R denotes the Earth’s radius, £g9, £x) and £g) represent the three

independent components of the strain rate tensor and @ = 1/1’03 + ui is the
total horizontal velocity. Similarly, the vertical strain rate is given by:
E, = —Eg9 — Err- (4.4)

From Eqgs. (4.1 - 4.2) we can calculate the maximum (£pax) and minimum

(émin) principal strains as (e.g., [63, 64]):

) 1. ) €09 — €)% .
Emax = B (699 + 6)\)\) + \/(94)\)\) + €p)2 (4.5)

. 1 . . €oo — )2 .
Emin = (€oo +Eax) — \/W + €22 (4.6)

and the second invariant (£2iny), which reflects the magnitude of total strain

rates, is estimated as:
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€ainv = \/ €39 + €35 T+ 265, (4.7)

The maximum shear strain x rate is defined as

1

X = 5 (émax - 6.min) (48)

and, as discussed by [65], is related to regional tectonic shear deformation. By
these strain rate components, we can fully characterize the horizontal surface

deformation.

4.3.2 Numerical model of the strength of the lithosphere
Like described first by Bird (1989, 1999) [31, 32] and then by Carafa and Barba

(2011) [10], the critical value of the shear stress 75(z), above which failure of

the lithosphere occurs, is defined by the three quantities:

(7)) = prgno g 2 (1 — X)) (4.9)
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rir(s) = ean o (255 x (4.10)
7Plast () = 500 MPa, (4.11)

where piitho is the density of the crust or mantle, g is gravity acceleration, z
is depth, \" is the pore fluid factor, ésiny is the second invariant of the strain
rate, x is the maximum shear strain rate (both defined in Sec. 4.3.1) above,
08 and £, are material constants listed in Table 4.3 and T is the temperature.

fric __creep plast

7€ T and 73 are brittle frictional sliding, dislocation creep and plastic

S
deformation, respectively. For plastic deformation, the value of 500 MPa is
based on the plasticity limit of olivine [66, 67]. The critical shear stress value

is given by the minimum of those three upper bounds:

Ts(z) = min(rfic, TP, Tg’laSt). (4.12)
Assuming that no heat is produced inside the lithospheric mantle, the tem-
perature increases linearly with depth [31]. The temperature gradient inside

the lithospheric mantle is determined by the temperature and GHF at the



STRENGTH OF THE LITHOSPHERE DERIVED BY
GEOLOGICAL AND GEOPHYSICS DATA: THE GRAHAM
LAND (ANTARCTIC PENINSULA) CASE STUDY 141

Moho boundary, since crust and mantle are assumed to be in thermal equi-
librium [68]. In Eq. (4.10), the temperature 7' can be written as function of

depth z as:

TS+(}€CZ—}§,£2 Jf 2 < 2
T(z) = (4.13)
TC + W 7if ZC > z
\ m Y,

where q is the surface GHF, k. and k;, are the conductivities of the crust
and mantle, respectively, z. is the thickness of the crust, Ty and T are the
temperatures at the surface and at the base of the crust, respectively, and H
is the radiogenic heat production rate within the crust, assumed to be zero in

the mantle.

Finally, the strength of the lithosphere, which describes the maximum rock

strength as a function of depth [29], is given by:

z

Y= /Ts(z)dz. (4.14)

0



STRENGTH OF THE LITHOSPHERE DERIVED BY
GEOLOGICAL AND GEOPHYSICS DATA: THE GRAHAM
142 LAND (ANTARCTIC PENINSULA) CASE STUDY

4.4 Materials and methods

In this section I describe the processing scheme used for the analysis of GNSS
time series and discuss the model parameters necessary for setting up of the

rheological model for the Graham Land.

4.4.1 GPS data and processing

We processed data recorded at 21 continuous and “not-continuous” GNSS
time series for Graham Land (see Figure 4.2 and Tables 4.1 - 4.2) covering a
time period from 1997 to 2022, using the database from the Nevada Geodetic
Laboratory (NGL) at the University of Nevada, Reno (details on the data set
are available on the NGL webpage http://geodesy.unr.edu/index.php).
All considered stations have time-series that are at least 2.5 years long between
January 1997 and December 2022; that represents the minimum acceptable
length to ensure that estimated trends are not significantly affected by biases

due to seasonal components [69-72].

GPS data were processed by using the MIDAS software (Median Interan-
nual Difference Adjusted for Skewness) median-trend algorithm introduced
by Blewitt and Wesssel (2016) [73] that represents a variant of the Theil-Sen
non-parametric median trend estimator [74, 75]. We also take into account
the equipment changes tabulated by NGL from station “site logs” (i.e., anten-

na/radome changes and changes in receiver). The MIDAS-estimated velocity


http://geodesy.unr.edu/index.php
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is essentially the median of the distribution of 1 year slopes, making it insensi-
tive to the effects of steps in the time series if they are sufficiently infrequent.
The uncertainties obtained with MIDAS have a realistic meaning and usually
do not require further scaling (e.g., [76-80]). Estimated 3D velocities and their

associated uncertainties are listed in Tables (4.1 - 4.2).
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Figure 4.2. Location of the 21 GNSS stations used in this study.

—74° -72° -70° -68° -66° -64°  -62° -B0°  -58° ImmWo
topo (km) \ZV

0 15 3 -60°
&

s | -61°

-62°

-63°

-64°

-65°
-66° -64° -62° -60° -58° -56° —54° -52° -50°



STRENGTH OF THE LITHOSPHERE DERIVED BY

GEOLOGICAL AND GEOPHYSICS DATA: THE GRAHAM
LAND (ANTARCTIC PENINSULA) CASE STUDY

145

86°0 220 ¢c0 0T°0- ¥0'1- 00°T 1099- ¥€'99- 1Lddd
08°0 6¢°0 ¢c0 G0'¢g G6°0- 0¢'1- LLV9- G079 ATVd
870 810 €10 QLY 89°0- ¢0'T- LLV9- G079-  INTVA
19°0 1¢°0 G1°0 ¥6'V €8°0- g8°0- LLV9- G0P9- ¢IVd
280 9¢°0 6¢°0 98°¢ Ve 1TV ¥¢v9- ¢995-  OIdIN
290 44\ GT°0 0L°0- ¥v0- ¢S0 9679~ 19°¢9- ODNH
60°T ga'o ¢S0 oV v- 06°G 0L7- 61°¢9- 86'8G-  IHHA
20T 870 9¢°0 ¢Sl 20°G- 6.0 ¥¢'99- 99'19- dNOA
040 ¢a0 LT°0 8’8 ¥6°0- Ge'1- 08'79- ¢¥8¢9- LdNd
760 61°0 91°0 c9'C 8G'¢C- qc'1l 10°99- 9¢°09- dAdVD
280 9¢°0 310 09T 10°T- VT 1829~ 6¢°L9- 1VSd
ATEA ) ATEA ) ATEA ) ATEA ) ATEA ) ?lbﬁ ww) (Sop)  (Sep)

dnp ot %0 dn HIHMON LSVH IVT NOT ar

"9WIRI 9OUDIOJOI 9JB[J OIIOIRJUY OY) UL 9IR SOIJIO0[9A “SOIJUIBIIOIUN POJRIOOSSE

pue Apnjs SIY} Ul PAIOPISUOD S9YIS g Y3 e WyIos[e SY(IIN 9U} JIM Pajeurse so1joopAa SSNO T'F oIqel



STRENGTH OF THE LITHOSPHERE DERIVED BY
GEOLOGICAL AND GEOPHYSICS DATA: THE GRAHAM

LAND (ANTARCTIC PENINSULA) CASE STUDY

146

780 0¢°0 €20 1cv €T GL0- ¥¢'G9- Gcv9- dAVNA
91°¢C qL0 16°0 vae'e ¢c6'S 66°¢- 81°¢9- 068G~ VAN
ST'T 6¢°0 ce0 18T LLT- €9°C 6£°€9- 6695~ ZddS
6.0 L0 61°0 388 GL'0 LE°1 6¢79- €0'19- LDOdS
Wl At 60 19°C e1'0- 90 €1'89- 0T°L9- GHINS
Ve cro 70 0L°0- 0%°0- €L0 8C°L9- 6879~  9dDS
'l Al 8¢°0 97’1 LG°T- 00°0 89°99- 9¥'¢9-  ¥dDS
9C'1 170 ST 7.9 vee- 620 96°¢9- ¢L'19- TdDS
1L°0 qgco 8T°0 e 0¢'1- 96°0 26°L9- ¢CT'89- HILOY
8G°0 0¢°0 820 €99 £4'¢- 98¢ G¢'e9- ¥P'6S- NAOYH
?\; ) ?\; ) ATEA ) ATEA ) ATEA ) ?\EA ww) (Sep)  (8ep)

o oto 20 dn HIMON  ISVd IVI NOT ar

"9UIRI] 90USIDJAI 9Y€[J JIPOIRJUY OY) UL dI8 SOIIID0[9A ‘SOIJUIre}IodUN PajeIDOSSE

pue Apnjs SIU} Ul PaIOPISUOD S9YIs g oY) e WyIIoS[e QYN oY} JHM Pajeuise sa1ooea SSNO °Z°F °19el



STRENGTH OF THE LITHOSPHERE DERIVED BY
GEOLOGICAL AND GEOPHYSICS DATA: THE GRAHAM

LAND (ANTARCTIC PENINSULA) CASE STUDY 147
time (yr) time (yr)
» 180 1BSA1 1.47 + 0.18 mm/yr P H CAPF 1.25 £ 0.16 mm/yr - 180 3
[ g =" s =.
E el . > - 120 =
2 3
£ 120 H - 60 %
IS | ™™ L 5 ©
2018 2020 2022 2024 2012 2016 2020 2024
8 140 | DUPT -1.35+ 0.17 mm/yr & PALM -1.02 £ 0.13 mm/yr - 300 3
3 1 - 200 5
£ 70 d 100 &
E _ &
o = -0
2012 2016 2020 20242000 2005 2010 2015 2020
g 210 [PALZ 085 0.15 mmiyr [SGP5 073 % 0t mmiy ¥ g
T 140 - E i L 40 5
g0 3
'E 70 - e - ____ L 0 §
0 4ees==_ - -
2007 2010 2013 2016 2019 2022 2018 2020 2022 2024

time (yr) time (yr)

Figure 4.3. GNSS daily time series (east-component). The red line represents the
GPS velocity computed by MIDAS [73], and the green solid circles rep-
resent the offset daily coordinate time series. Please note that both
horizontal and vertical axes vary.

4.4.2 Model parameters

YSE have been calculated over the last few years for a number of locations
in Europe [10, 81, 82], America [83] and Asia [67], but are not available on
a regional scale for Antarctica. Based on previously published data, we con-
structed a 1-dimensional strength map for the Graham Land lithosphere. Since
large parts of Antarctica are not yet covered by seismic surveys, the gravity and

crustal structure models are used to interpolate the Moho information where
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Figure 4.4. GNSS daily time series (north-component).

The red line represents

the GPS velocity computed by MIDAS [73], and the green solid circles
represent the offset daily coordinate time series. Please note that both
horizontal and vertical axes vary.
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Figure 4.5. GNSS daily time series (up-component). The red line represents the
GPS velocity computed by MIDAS [73], and the green solid circles rep-

resent the offset daily coordinate time series.

horizontal and vertical axes vary.

Please note that both
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seismic data are missing. Following Baranov et al. (2018) [84], I adopted an
average Moho depth value of 38 km for profile A, 34 km for profile B and 36
km for profile C (the three profiles are traced in Figure 4.11) while in Figure
4.6 is shown the Moho depth derived by [84].

Thermal rocks properties and rheological parameters (listed in Table 4.3) were
taken from various sources in the literature. An et al. (2015) [85] extracted
petrologic and geodynamical information, like temperature and lithospheric
thickness, from seismic velocity data. Burton et al. (2017) [86] presented a new
methodology that allows calculating and combining crustal heat production
with geophysical models, producing a new map of GHF on the AP. Godge
(2018) [87] reports that estimates of GHF in Antarctica can be extrapolated
from heat production determined by the geochemical composition of glacial
rock clasts eroded from the continental interior. Results indicate a higher
GHF on the east and south of the Peninsula (mean 81 mW m~2), where silicic
rocks predominate, than on the west and north (mean 67 mW m~2) where

volcanic arc and quartzose sediments are dominant.

In order to explore the range of GHF values for each of the three studied areas
(A, B and C), we adopted a GHF uniform value of 55 (A), 60 (B) and 65 (C)
mW m~2 to represent the average heat flow within each area. That is largely
consistent with inferences based on satellite magnetic data [88], on seismology
[85], on geodynamic modeling [89] and on in situ measurements [90, 91]. I

assume a value of radioactive heat production in the crust of 0.4 yW m~3 [92]
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and fixed heat production rate of 0.02 W m~2 in the mantle [91, 93]. T use a
value of thermal conductivity of 2.5 Wm™'K~! for the crust and 3.5 Wm~'K~!
for the mantle [30, 68, 85, 94]. I adopted a pre-exponential constant in creep
rheology equal to 2.3 MPa in the crust (1.95x10~2 MPa for the mantle), which
depends both on grain size and volatile impurities [11], a depth coefficient in
creep rheology of zero in the crust (1.71x1072 K m~2 for the mantle and
a stress exponent in creep rheology equal to 0.33 [31]. For the temperature
coefficient I defined four different sets of parameters that represent distinct
and possible behaviors of the lithosphere within the study region (coefficients
p1 to B4 in Table 4.3) and include granite wet and anorthosite for the crust
and plagioclase and olivine for the mantle [28, 95], and I use the median value
of those parameters. The friction coefficient used is equal to 0.85 [96, 97]. The

assumed pore fluid factor is equal to 0.36, which is a typical hydrostatic value.

I performed several numerical experiments in which the GHF and the rheolog-
ical parameters were varied to compute predictions of the YSE. I performed
this modeling in two steps. I first estimated geodetic velocities and strain rade
field from GNSS data over the whole (see Sec. 4.5.1, 4.5.2 and 4.5.3). Second, I
considered the GHF and the rheological parameters as free parameters. Then,
we explored the range of uncertainty in each parameter by a trial-and-error
procedure with discrete sampling steps. Each combination of GHF, temper-
ature coefficient for creep rheology and set of rheological parameters (f; to
B4) constitutes an independent simulation. For each combination, the model

predictions were computed with a MATLAB code. A flowchart illustrating
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out modelling workflow is shown in the Figure. 4.7, while some of the code is

shown in the Appendix A as an example.

*Processing
[miDas| [ visr |
Results _

Figure 4.7. Modeling workflow adopted in my MATLAB code.
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4.5 Results

Here, I present an up-to-date crustal velocity field of the Graham Land, based
on an combination of permanent and non-permanent GPS observations. Af-
terwards, I present my estimate of the rheological profile beneath the study

area derived from combinations of geological and geophysical data.

4.5.1 Vertical velocity

The present day vertical land movement (VLM) results from the combination
of different components due to tectonics, sediment loading and compaction and
GIA processes [98, 99]; however, all these components induce non-negligible
displacements although their magnitude and relative importance have changed

over time.

Figure 4.2 shows the vertical velocity field over Graham Land and its asso-
ciated uncertainty, as obtained by interpolating the estimates at each GNSS
site listed in Table 4.3. The interpolated field has been obtained through
adjustable tension continuous curvature splines method employing a tension
factor of 0.5 [100]. The map shows widespread uplift, with subsidence occur-
ring only at 5 stations out of 21, FREI (—4.40 & 1.09 mm yr—!), HUGO (—0.70
+ 0.67 mm yr—!), PRPT (—0.10 & 0.98 mm yr—!), SGP5 (—0.70 + 2.24 mm
yr1) and UYBA (—2.24 £ 2.16 mm yr~!). Our interpolated uplift model

indicates vertical movements in the range from —4.40 to +15.62 mm yr—! in
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the study area, with uplift rates reaching the maximum value at FONP (15.62
+ 1.07) mm yr—!, SPGT (8.88 + 0.79 mm yr—!), DUPT (8.82 £ 0.70 mm
yr~!) and SGP1 (6.74 + 1.26 mm yr—!). Uncertainties on vertical velocities
(Figure 4.8b) are in the range from + 0.4 mm yr—! to £+ 2.2 mm yr~!. The
map in Figure 4.8a clearly highlights the diffuse state of uplift in the Graham
Land. Overall, the region between Anvers Island and Cape Alexander is the
one with the highest uplift rates, while the South Shetland Island region has
low rates of subsidence. The weighted average of vertical velocities over all

the considered stations is (4+3.56 £ 1.00) mm yr—!.

4.5.2 Horizontal velocity

Previous studies have attributed the horizontal displacement field of the Antarc-
tica Continent to a rigid plate rotation and deformation related to the change
in ice mass [101-106]. The melting of the ice began at the end of the last
glaciation and produced a slow crustal deformation that still today is affected
by the alteration of glacial flows [107]. However, even the breakup of ice
shelves produces regional variations in the displacement pattern: this hap-
pened in the Northern AP following the 2002 breakup of the Larsen ice shelf,
as a consequence of the combined effects of solid Earth’s elastic response and

the viscoelastic processes in response to recent ice unloading [105, 108].

Figure 4.9 shows horizontal velocities at the 21 GNSS sites relative to the fixed

terrestrial reference system of the Antarctic plate. Two distinct kinematic
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Figure 4.8. (a) Interpolated vertical velocity . and (b) associated uncertainty o,
over the study area. Note that the color scale in frame (a) is saturated at
46 mm/yr. The interpolation has been obtained with program surface,
which is part of the GMT (Generic Mapping Tools) package by Wessel
and Smith (1998) [100], employing a tension factor of 0.5.
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patterns can be clearly seen. The area between Anvers Island and Trinity
Peninsula, including South Shetland Islands (see labels in Figure 4.1), shows
increasing W-E oriented deformation with maximum values recorded at FREY
(5.90 & 0.55 mm yr—!) and FONP (—5.07 £ 0.48 mm yr—!). Conversely, the
southern part (between Anvers Island, Cape Alexander and Adelaide Island)
exhibits a very small (insignificant) deformation, indicating that this region is
relatively stable, with values ranging from (0.10 & 0.1) mm yr—! to (0.50 =+

0.02) mm yr—!.

4.5.3 Strain rate field

The horizontal strain-rates have been estimated on a regular 0.5° x 0.5° grid
over the investigated area by adopting the method reported in Shen et al.
(20215) [50] and described in Section 4.2.1. This method allows introduc-
ing different spatial weighting functions of data, like uniform Gaussian or
quadratic spatial weighting functions, enabling to obtain a finer resolution, es-
pecially on regions characterized by sparsely distributed data. Based on some
preliminary tests, the horizontal strain-rate field has been estimated by adopt-
ing a weighting threshold of 2 and by using a Gaussian function for distance

weighting and azimuth cell for areal weighting, respectively.

The estimated horizontal strain rates (€myin and €p,ax) and the second invariant
of the strain rates (£9iny) are shown in Figure 4.10. Principal strain rates across

Graham Land are very small, and the larger values are mostly concentrated
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on the northern part of the study area, between Anvers Island and Trinity
Peninsula. On the whole, the principal strain rates are extensive in the NW-
SE direction in Graham Land although their orientations change direction
slightly as we move toward south, between Anvers Island, Cape Alexander
and Adelaide Island. The highest values for principal extensive strain rates

are found to be at the 90-100 p-strain yr—! level.

Figure 4.10 shows that, between Cape Alexander and Adelaide Island, the
magnitudes of the maximum and minimum principal strain rates are almost
the same. The spatial distribution of the second invariant of strain rate ten-
SOr, €9iny, that reflects the magnitude of the total strain rates, shows values

1

generally smaller of 60 p-strain yr~'. The highest values are located in the

northern part of the AP, between Anvers Island and Trinity Peninsula, with

values between 95 and 101 p-strain yr—1.

Indeed, large rates for the strain
tensor are generally associated with areas where uniaxial compressive stresses
of different magnitudes dominate [61]. In the southern part, between Anvers
Island, Cape Alexander and Adelaide Island the strain rate tensor abruptly

becomes smaller, with value between 5 and 15 p-strain yr—!.

We can conclude that the northern part of Graham Land, between Anvers
Island and Trinity Peninsula, has a much more accentuated kinematics with
the deformation vectors indicating a general extension of the area (oriented
about the W-E direction). In contrast, the southern part, between Anvers

Island, Cape Alexander and Adelaide Island, appears to exhibit widespread
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stability, with small strain values. This is consistent with vertical velocities,

as shown in Figures 4.8 and 4.9, respectively.

4.5.4 The yield strength envelop

In any depth range, rocks tend to deform by the dominant mechanism that
exhibits the lowest strength [67, 109, 110], and the rheological strength of the
lithosphere at a specific depth is generally described by the YSE, defined in Eq.
(4.14) above. In plots showing the strength as a function of depth, two types of
profiles correspond to different regimes. Straight lines correspond to a brittle
fracture and demonstrate an increase of strength with depth. Curved lines
describe a viscous deformation according to the Power and Dorn law where
strength decreases downwards exponentially due to the increase of temperature

with a corresponding decrease of viscosity [111].

In order to analyze the lithospheric strength of the Graham Land, in Figure
4.11 1 display the YSE under three areas (profiles A, B and C respectivley,
chosen arbitrarily). The crustal integrated strength varies in the range from 0
to 500 MPa and depends more on strain rate and thermal regime (GHF) than
on crustal thickness. Profile A in Figure 4.11a exhibits the largest strength
of the three areas with peak strength concentrated within the upper crust.
In the crust, the peak value of the shear stress is 500 MPa and is reached at
depth of 16-18 km for a GHF of 55 mW m~2 (green line), of 16 km for a GHF
of 60 mW m~2 (blue line) and of 15 km for a GHF of 65 mW m~2 (purple
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in the background correspond to the value of the second invariant of the strain rate.
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line). The mantle below profile A appears to be ductile, with a maximum
shear stress value of 180 MPa at a depth of 39-40 km (GHF = 55 mW m~?2)
and drops below 50 MPa as we increase the value of GHF (45 MPa for GHF
of 60 mW m~2 and 14 MPa for GHF of 65 mW m~2). The profiles B and
C (Figure 4.11b-c) show a rather similar pattern with a weak upper crust
overlying a relatively stronger mantle. For profile B the peak values of the
shear stess are 162 MPa at a depth of 23 km (for a GHF of 55 mW m~2),
148 MPa at 21 km (for a GHF of 60 mW m~2) and 134 MPa at 19 km (for
a GHF of 66 mW m~2). The mantle below profile B (Figure 4.11b) has the
highest strength. Here, the shear stress profile for the upper mantle indicates
that plastic behavior occurred within a thickness of 9 km, with a maximum
shear stress value of 297 MPa at depth of 41 km (GHF of 55 mW m~2). Depth
of plastic behavior is reduced to 4 km, with a maximum of 246 MPa, if we
consider a GHF equal to 60 mW m~2. Profile C in Figure 4.11c is essentially
identical to profile B for the crustal part while some differences can be observed
in the mantle. For a GHF of 60 mW m~2, the magnitude of the strength in
the depth range of 38-40 km for the profile C is nearly half that for profile
B, with the magnitude of the strength for profile C approximately 130 MPa
at 37 km. Here, the shear stress profile for the upper mantle indicates that
plastic behavior occurs within a thickness of 4 km, with a maximum shear

stress value of 279 MPa at depth of 40 km (GHF of 55 mW m~2).

In general, the lithospheric strength is primarily concentrated in the upper

and middle crust for the profile A (Figure 4.11a), indicating that this part of
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the study area deforms according to the “créme brilée” model [15]. However
for profiles B anc C (Figure 4.11b-c) the lithospheric strength is primarily
concentrated in the upper mantle and the strength of the crust is relatively
low, indicating that this part of the study area deforms according to the “jelly

sandwich model” [112].

4.6 Conclusion

The strength of the lithosphere can vary drastically within a few kilometers,
changing from a strong crust and a weak mantle to a weak crust and a relatively
strong mantle as discussed in Section 4.5.4 above. The approach used in this
Chapter has allowed us to analyze the strength of the lithosphere beneath
the Graham Land region. The main results of this work are summarized as

follows.

(i) We defined a 3D velocity field for Graham Land from available deformation

time-series recorded by GNSS networks. Vertical velocities show an uplift over

almost all the study area, with peak rates of about 15 mm yr—*

occurring in
the central region, between Cape Alexander and Avers Island. Horizontal ve-
locities, conversely, show two distinct kinematic regimes, with a W-E oriented

expansion of the area between Anvers Island and Trinity Peninsula at a rate of

1

over 5 mm yr~ - and a very small deformation in the southern part of Graham

Land.
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(ii) The estimated horizontal strain rates (x) and the second invariant of the
strain rates (£9iny) have been determined on the basis of the GNSS velocity
field. In the area between Anvers Island and Trinity Peninsula, the main
strain rates are found with vectors oriented approximately W-E. In contrast,
the area between Anvers Island, Adelaide Island and Cape Alexander appears

to exhibit widespread stability, with small strain values.

(iii) The lithosphere beneath the Graham Land is characterized by integrated
crustal strength in a range from 0 to 500 MPa, depending more on strain
rate and thermal regime (GHF) than on crustal thickness. The lithospheric
strength is primarily concentrated in the crust in the southern part of the
region (profile A) while is primarily concentrated in the mantle in the north-
ern part (profiles B and C). The results of our study demonstrate that both
“jelly sandwich* and “creme brilée” models are valid for the Graham Land
region depending on specific thermal and rheological conditions of the area
considered. However, it should be noted that as GHF increases, the inte-
grated strength of the lithosphere decreases while an increase in the strain

rate may increase the integrated strength of the lithosphere.

GIA studies of the early 20th century have contributed to the definition of the
mechanical lithosphere as the uppermost layer of the solid Earth characterized
by slow visco-elastic relaxation, in contrast to the underlying, relatively low
viscosity asthenosphere. Therefore, knowledge of the crustal and upper mantle

rheological structure of Graham Land, or more generally of the Antarctic
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continent, is important for understanding the geological processes but also to
better constrain geophysical processes such as that of the GIA where rheology

plays an important role.
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Chapter 5

FINAL REMARKS AND FUTURE
PERSPECTIVES

GIA modelling is an evolving subject and represent a tool for gaining insight
into the properties of the Earth’s interior. In this thesis I addressed a previ-
ously suggested modeling approach to properly handle the sea level problem
due to GIA in the Mediterranea area. The information provided here is not
exclusive, and the reader is referred to the extensive reference list if further
insight is require. From the work presented in Chapter 3 it was find that, by
comparing vertical velocities provided by our GIA model with observed rates
at GNSS sites, GIA effects are a marginal contribution to geodetic velocity
only at sites where the largest subsidence is recorded, while at the majority
of GNSS sites, GIA may represent a significant contribution to observed rates

and shall be taken into account for a correct interpretation of the velocity

— 189 —
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field. Therefore, for an accurate GIA modeling, the isostatic response to the
melting of the Alpine Wiirm ice sheet essential to take into account. In fact, If
we take into account the contributions from both global and regional GIA, our
model predicts a widespread sea-level fall in the northern Adriatic, with rates
decreasing southward. At the same time, an uplift field with vertical velocities
on the northern margin of the basin, which decrease southward reaching the

zero level at Ancona.

Chapter 4 demonstrates that the strength of the lithosphere can vary drasti-
cally within a few kilometers, changing from a strong crust and a weak mantle
to weak crust and a relatively strong mantle (as discuss in Section 4.5.4).
The approach used in this work has allowed us to analyze the strength of
the lithosphere beneath the Graham Land region (Antarctic Peninsula). Data
indicates clearly highlights a diffuse state of uplift (positive vertical velocity)
throughout the study area. At the ame time, the deformation model highlight
the surface geodynamics of the Graham Land where two distinct kinematic
patterns can be clearly seen, going from being relatively stable with very small

(insignificant) deformation to an increasing W-E oriented deformation.

Several avenues could be explored to further exploit and enhance the advances
described in this thesis work. In particular, new knowledge of the post-LGM
evolution of the ice sheets has benefited from the rapid development of an
extended GPS observation network and of an increase in suitable geological

data of ice sheet retreat. Furthermore, increasingly advanced knowledge of the
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crustal and upper mantle rheological structure will lead to better understand-
ing the geological processes but also to better constrain geophysical processes
such as that of the GIA. Given the enormous amount of data available in the
Alpine area, this study could be used in the future as a starting point to test

different deglaciation histories and different basal conditions (YSE).

Finally, as sea level changes are one of the most striking manifestations of past
and present climate change, it is crucial to develop our understanding of the
processes that influence its characteristics. Their breadth is very extensive,
and includes processes that control the growth and disappearance of large
continental ice sheet cover and the feedbacks that relate these components
but it also passes through knowledge of the Earth’s interior, of its orbital
properties and of the evolution of its gravitational field. In the context of
understanding the present and future climate perturbations induced by an-
thropogenic emissions of greenhouse gases, it is important, more than ever,
to understand correctly how the past climate responded to various forcings in
order to correctly capture the potential physical and societal impacts brought
by current climate change especially in those areas highly at risk such as the

Venice lagoon






Appendix A

YSE - YIELD STRENGTH
ENVELOPE code

LHBEHHERH RS H RS R BB A B RSB R G AR R E BB HH B R B RSB RS A H RS R B SRR RSB RSB RS RS

YA +:33 YSE - YIELD STRENGTH ENVELOPE

htt##

h### Created by FERNANDO LINSALATA (2023)

h### Contact:

Dot f.linsalata91@gmail.com

A3 fernando.linsalata2@unibo.it

Dttt

% ——mmmmm e - -
h### First implemented by Peter Bird et al. (1989)

hHEH ———mm
h

clear all;

clc;

YA

z = [0:1000:100000] ’; % Depth

z_inc = 1000; % Increment in deth
crust = 33000; % Bottom of the crust
trans = 34000; % Transition =zone
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194 YSE - YIELD STRENGTH ENVELOPE code

mantle = 100000; % Mantle --> meters
H_c = 0.000000178; % RHP crust [uW/m~3] --> W/m~3
H.om = 0; % RHP mantle [uW/m~3] --> W/m~3
q = 0.055; % GHF [mW/m~2] --> W/m~2
T = 273; % Temperature --> K

5 k_c = 2.5; % Tconductivity crust --> W/mK

s k_m = 3.5; % Tconductivity mantle --> W/mK
rho_c = 2889; % Density crust --> kg/m"3
rho_m = 3332; % Density mantle --> kg/m"3
g = 9.81; % Gravit_accel --> m/s"2
beta_c = 4000; % Tcoeff creep rheology crust
beta_m = 18314; % Tcoeff creep rheology mantle
Xi_c = 0; % Depth coeff in creep rheology
A
% ___________________________________________

for i = 1:1:100

if z(1+i,1) <= crust

z(1+1,2) = z(i,2) - q_top;
elseif z(1+i,1) == trans
z(1+1i,2) = z(i,2) - g_trans;

elseif z(1+i,1) > trans
z(1+1i,2) = z(i,2) - g_bottn;

end
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48 end

54 % Surface Temperature as a function

55 % of depth and Heat flow density

57 for j = 1:1:100
58 if z(1+j,1) <= crust

59 z(1+j,3) = 2z(j,3)+0.5%(z(j,2)+z(j+1,2))*(z_inc/t_top);

60 elseif z(1+j,1) == trans
61 z(1+j,3) = z2(j,3)+0.5%x(z(j,2)+z(j+1,2))*(z_inc/t_trans);
62 elseif z(1+j,1) > trans

63 z(1+3,3) = 2(j,3)+0.5%(z(j,2)+z(j+1,2))*(z_inc/t_bottn);
64 end

65 end

67 z(:,4) = z(:,3) - T; % new column for suface temperature in C

73 % in plate?? 0 = TRUE, 1 = FASLE



80

81

83

84

89

90

9

196 YSE - YIELD STRENGTH ENVELOPE code

if z(1+0,1) <= (crust+mantle)

z(1+0,11)

0;
else

z(1+0,11)

1]
e

end

end

5

7 plot(z(:,12),2z(:,1))

grid omn

axis 1ij

h

Dh#HHHH AR H AR AAE END HHRHHHHAHHR BB R BB R RH S

Listing A.1. Part of Matlab code.
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