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Abstract—The low variability of MIS 5.5 sea level (M.I.S = Marine Isotopic Stage) with respect to the
present day sea level, allows the Sardinian coast to be used as an eustatic reference for the entire Mediterranean
region. This level is generally at 7 & 2 m above current sea level along the Sardinian coast. One sector along the
Orosei Gulf (eastern Sardinia) includes a characteristic and well conserved tidal notch that changes in elevation
from 7.6 to 11.5 m over only 30 km, tilting upwards towards the north. Generally, height deviations of such a
tidal notch would be due to tectonic or volcanic activity. The Sardinia coast however, is considered to have too
little tectonic activity, and also too small post-glacial rebound in order to explain the anomaly. The remaining
possibility is Neogene-Quaternary continental and/or submarine volcanic activity, which we investigate as a
possible cause for the observed anomalies. In this paper, our goal is to explain the anomaly by modelling recent
volcanic loading or updoming related to magmatic intrusion emplacement. We review the literature on the
recent volcanic deposits, both on-shore and off-shore, and investigate to what extent volcanic loads can
influence the coastline from a theoretical standpoint, using the isostatic flexure model and a range of loads.
We find that the observed notch height anomaly cannot be explained by volcanic loading, but must be produced
by an upward welling due to the emplacement of volcanic material, as produced for instance by a laccolith or
batholith. The upward movement could be related to the submarine volcano only recently detected, or to a
source located on the eastern Sardinia coast near Orosei.

Key words: Tyrrhenian notch, lithospheric flexure, volcanic intrusion, vertical crustal movements,
Sardinia.

1. Introduction

The shoreline in southern Sardinia is considered to have been stable since the Early
Miocene (PaTacca et al., 1990; GUEGUEN et al., 1998). It is characterized by low seismic
activity and no presently active volcanic activity (e.g., FERRANTI et al., 2006; FINETTI
et al., 2005). The Plio-Quaternary volcanic deposits and the present seismic activity are
illustrated in Figure 1A. An extensive number (58) of MIS 5.5 sites has been reported for
Sardinia, with the distribution of markers mainly controlled by lithology, since most
notches are found on limestone promontories. Inner margins are poorly identifiable at low
lying coastal areas owing to the thick continental cover, which was not eroded due to the
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< Figure 1

Map of the Island of Sardinia:. A) Main tectonic units and seismicity. Magnitude of the seismic events is shown

below the epicentre; rectangular area shows the coastal segment reported in Figure 1B; B) Height of the tidal

notch of Tyrrhenian age (125 ka) along the northeastern coast; rectangular area shows the coastal segment

reported in Figure 1C; (C) Coastal segment with elevated height of tidal notch along the Orosei Gulf. Height-
values given in m above present sea level.

tectonically stable conditions of the island. Sardinia is the only region in the Tyrrhenian
Sea where the marker elevation has a very low variability and is set at 8-10 m.

The joint presence of tectonic stability and limestone, the latter allowing the carving
of the tidal notch of Tyrrhenian age (MIS 5.5, 125 ka), are the conditions for which this
part of the Sardinian coastline has been chosen as the reference level of the Tyrrhenian
(MIS 5.5) sea level for the central Mediterranean (LAMBECK et al., 2004a, b; FERRANTI
et al., 2006).

It is therefore presumable, that the tidal notch should be found at the same altitude
along the entire coast of the island, as no presently active tectonic, volcanic and
anthropogenic sources generating a vertical movement are expected. This is the fact for
most of the island, except along the Orosei Gulf, located in the central part of the eastern
coast of the island (Figs. 1B, C), where a variation in the height of the notch of the order
of 4 m has been detected, with the level increasing from north to south from 7.6 to
11.5 m (FErRrANTI et al., 2006; AntonioLl and TraiNiTo, 2005). About 200 km north, on
the limestone Tavolara Island, the altitude of the tidal notch is between 6.5 and 7.5 m,
that is at the predicted eustatic values.

The tilting anomaly is preserved in only 30 km of the 70 km total length of the Orosei
Gulf, where the lithology preserves the tidal notch. There is also a cover of sandstone and
cementing sand that protected the notch from chemical dissolving by meteoric water
during the post Tyrrhenian glacial age. Tidal notches (height = local tide) are especially
well developed in many coastal zones of the Central Mediterranean Sea because of its
microtidal regime: 0.37-0.4 m for sea-wave and air-pressure changes except for Tunisia
and the Trieste area, which have larger (1-1.80 m) tidal ranges. Tidal notches therefore
indicate episodes of sea-level relative stillstand (lower than 0.7 mm\yrs). At many Italian
tectonically active coasts, where evidence exists of large current uplift (eastern Sicily)
and subsidence (Trieste, north Adriatic Sea), the present-day marine notch is lacking
because the tectonic rates are faster than the rate of carving. In Figure 2 we show a
section of one of the longest Tyrrhenian notches and we compare it with the present tidal
notch: The formation of the present tidal notch in the limestone lithology is an indicator
of the actual regional stability of the island (KersHaw and AntonioLi, 2004). The tidal
notches are carved in the eastern Sardinia formation, composed by competent limestone
series (formation 18b of geologic map of Sardinia, ConTi ef al., 1996). The form of the
fossil as well as of the modern tidal notch is very well developed in the Orosei Gulf (the
modern notch has a width of 55-80 cm and depth of concavity to 2 m. ANTONIOLI et al.
(2006) attribute this effect to the presence of an efficient karst system close to the
shoreline, which produced a powerful and sustained spring water flow (often of the order
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Figure 2
Section of the tidal notch of the Orosei Gulf, one of the longest tidal notch morphologies in the world. Actual
notch is for the present day.

of 1-10 m3/s). The continual presence of continental water (that floats on the marine
water) has arguably increased the chemical dissolution processes at tide level.

According to many authors (FERRANTI et al., 2006; ASSORGIA et al., 1997; CasuLa
et al., 2001) the northerly tilt of the Dorgali-Orosei notch is related to the isostatic
response to residual Pliocene-Quaternary activity of the Dorgali-Orosei volcanic fields
(location see Fig. 1A). In this work we intend to analyze this hypothesis in more detail
and with quantitative methods.

For the purpose of our study, we summarize the past volcanic activity of the island
and identify the different volcanic complexes. Particular attention is given to the age of
the different complexes. As will be shown later, there are uncertainties regarding the ages
of the volcanic extrusions, according to different authors. Concerning the offshore
volcanic activity, no age determination can be found. Our summary shows in which parts
of the island additional investigations are necessary to define the age of the volcanic
extrusions. The existing literature discusses the geochemistry of the volcanism in some
detail, but does not define the ages of the deposits in sufficient resolution in time and
space.

So as to study the vertical movement of the coastline in response to loading, we adopt
the lithospheric flexure model (e.g., WaTTs, 2002) and investigate under what conditions
a volcanic surface load can produce a downwelling and upwelling of the crust. The
flexural response is investigated with a sensitivity analysis, by generating synthetic load
models with variable geometrical dimensions and positions relative to the coast. In a
second step, we investigate the possible volcanic loads that could have influenced the
notch in question, including in the analysis the updoming of the crust due to an
overpressure caused by a magmatic intrusion. In the course of our study we come to the
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Age (in Ma) of the last phase of activity for the main volcanic deposits in Sardinia, according to different
authors. For Conri et al. (1996), the numbering of the associated geological maps are used, comprised of the
interval 0.14-5.3 Ma, of 5a = Pliocene, 5b = Plio-Pleistocene; 6 = Pliocene; n.r.a. = no radiometric (age)

available

VOLCANIC AGE FROM DIFFERENT AUTHORS FOR THE VOLCANIC DEPOSITS
DEPOSITS

BEeccaLuva BEeccaLuva PETTERUTI LustrRiN0  LustrRiN0  CoNTI et al.

et al. (1975) et al. (1985)  LIEBERKNECHT et al. et al. (1996)

et al. (2003) (2004) (2007b)
CAPO FERRATO 3,9-Quaternary ~ 5,0-5,3 5,9-5,0 5,9-5,0 6,65-5 5a
MONTE ARCI 3,3-Quaternary  3,7-2,8 3,7-2,7 3,8-2,6 3,8-2,6 6,5a,5b
MONTIFERRO 3,9-Quaternary  3,9-1,6 3,8-2,3 3,9-1,6 3,9-1,6 5b,5a
NORTH. B. PLAT. 3,9-Quaternary ~ 3,8-1,7 3,1-2 3,7-3,5 5b
SOUTH. B. PLAT. 3,9-Quaternary ~ 3,8-1,7 3,8-2,1 3,8-2,1 5b
LOGUDORO 3,9-Quaternary  2,4-1,8 + 0, 3,18-0,11 3,1-0,1 2,4-0,4 5b
9- < 0,15

OROSEI-DORGALI  3,9-Quaternary  3,9-2,1 3,8-1,7 3,6-2 3,9-2,1 5b
CAPO FRASCA 3,9-Quaternary 1.6 nr.a. nr.a 5b
THARROS 3,9-Quaternary nr.a nr.a 5b
BARISARDO 3,9-Quaternary nr.a nr.a 5b
RIOGIRONE nr.a 6,4
GUSPINI 4.4

conclusion that the surface volcanic loads, considering also their published ages
(Table 1), are unable to generate the observed anomaly of the notch. We find that the
upward movement of the notch could be explained by a magmatic intrusion. Our study
implies that the volcanic activity on Sardinia reached into the late Pleistocene, and was
not limited to the western side of the island, but affected also the north-eastern part.

2. Volcanism in Sardinia

In order to study the anomaly of the MIS 5.5 coastline level located along the Orosei
Gulf, we considered as a possible cause Plio-Quaternary volcanism. Of particular interest
for our discussion is the volcanism younger than 1 Ma, as the crustal response to a load
reaches equilibrium after 10°-10° years (WarTs, 2002).

We have reviewed the existing literature regarding the extension and temporal
evolution of the Sardinian volcanism, which allows us to make a synthesis of the
magmatic-tectonic evolution model during Tertiary and Quaternary for Italy in general
and Sardinia in particular. As will be shown, there are discrepancies within the literature
which we discuss in the following.

A simplified palinspastic evolution in the Western Mediterranean is as follows. The
middle Eocene (50 Ma) is characterized by compressional tectonics linked to the collision
of the African (Gondwana) and the European (Laurasia) domains. During the Late
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Oligocene - Early Miocene (~30-15 Ma) the collision between the Briangonnais
microplate (Sardo-Corso block) with the Apulian continental margin is associated with
the westward subduction of oceanic crust (relict Tetide’s Ionian Sea; BEccaLuvaA et al.,
2004; LusTRINO ef al., 2004; SPERANZA et al., 2002) to produce the first Sardinian volcanic
activity with the formation of a NE-SW and E-W oriented transpressive fault system
in the Sardinian and Corsica Varisican basement (CARMIGNANI ef al., 1992, 1994, 1995;
Pasct, 1997). This effusive-explosive calcoalcaline volcanic phase (lavas and/or
andesitic, rhyolitic, dacitic and basaltic ignimbrites) continued until the exhaustion of
the compressional events. During the Burdingalian (Early Miocene) the tectonic
conditions began to change from compressive to extensional as a result of the withdrawal
of the subduction of the slab. At this time the counter-clockwise rotation (~30°
CARMIGNANI et al., 2004; 40° Speranza et al., 1999) of the Sardinia-Corsica block
occurred, that detaching from south of France and Spain, generated the Provengal and
Balearic basins (first extensive event) and migration toward east of the Appeninic
foreland (presently still active, CARMIGNANI et al., 2004). During the following ~ 10 Ma
there are no volcanic levels in Sardinia, but to the east the northern Tyrrhenian Sea
formation began. From the late Tortonian (~8 Ma) to the Quaternary (KASTENS ef al.,
1988; SarTORI, 1989; MascLE and REHAULT, 1990) the Sardinia-Corso Tyrrhenian margin
was passive, due to the formation of the Tyrrhenian Sea. New “°Ar/*’Ar dates (LuSTRINO
et al., 2007a, b) have established that the second Sardinian volcanic activity with the
formation of “Plio-Quaternary volcanic rocks” (or the Miocene-Quaternary volcanic
episode, LusTrINO et al., 2007a), began in the Middle Miocene ~ 11.8 Ma and persisted
until the upper Pleistocene (~0.1-0.2 Ma). This extensive phase saw volcanism of
anorogenic type, and the formation of Campidano Graben (Fig. 3A). It is characterized
by fissural activity (BiGazzi et al., 1971; SaveLLl and Pasini, 1973; D1 PaoLa et al., 1975;
SaveLLl, 1975; BeccaLuva et al., 1977, 1985) and alkaline, transitional, calcalkaline
affinity. At the same time, the evaporitic succession of Messinain Age (10-5 Ma) was
deposited. The formation of Samassi (continental formation) ended the successive
regression.

Summarizing, we may conclude that there were two volcanic phases in Sardinia,
which according to BEccaLuva et al. (2004) were linked to the geodynamic evolution of a
singular subduction process:

1. Eocene-Oligocene subduction (orogenic emplacement of Oligo-Miocenic volcanic
products, Figure 3A, unit 4 on the geological map): Sardinian volcanism linked to the
subduction of Ionic oceanic lithosphere under the continental European paleo-margin,
where this subduction is a consequence of the opening of the Sardinia-Corsica interarc
basin and the rotation of the Sardinia-Corsica block.

2. Neogene-Quaternary subduction (intraplate anorogenic (Fig. 3A, unit 2), linked to
Plio-Quaternary volcanism, induced by the tensional tectonics that characterized the
adjacent Tyrrhenian area. This results in the intense production of magmatic activity
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(A) Geological-structural-volcanological sketch of Sardinia: unit 1) Quaternary alluviums; unit 2 intraplate
anorogenic Plio-Quaternary activity with: unit 2a) Alkaline basic volcanites with alkaline affinity (3.9-Quat);
unit 2b) Phonolite thrachyte vulcanites of Montiferro (2.8 Ma); unit 2¢) Dacite volcanites of Monte Arci
(2.9 Ma); unit 2d) Rhyolites (3.3-3.1 Ma) and oversaturated trachytic alkaline of Monte Arci (2.6 Ma); unit 3)
Marine, fluvial and lacustrine sedimentary Tertiary rocks; unit 4) Orogenic emplacement of Oligo-Miocenic
volcanites (30.11 Ma); unit 5) Pre-Tertiary intrusive, metamorfic and sedimentary rocks (modified by Cocozza
et al., 1974; BEccALUVA et al., 1975). Enlargement of four important volcanic complexes with profile traces used
later in the paper (modified after ConTi et al., 1996): B) Logudoro complex with the topographic section AA’; C)
Montiferro and Northern basaltic plateau; D) Dorgali-Orosei complex with the topographic section BB’; E)
Monte Arci and Southern basaltic plateau.

along the peri-Tyrrhenian margin, and the concomitant opening of the interarc
Tyrrhenian Sea.

2.1. Plio-Quaternary Volcanism in Sardinia

Here we present a general view of the Plio-Quaternary deposits, and focus upon the
volcanism younger than 1 Ma. In Figure 3A a geologic-structural and volcanologic
sketch of Sardinia is given. The Plio-Quaternary volcanic activity produced mainly rocks
from lava flows, large volcanic plateau, rarely pyroclastic flows and lava domes
(Montiferro). The volcanic plateau are Orosei-Dorgali, Campeda-Planargia, and Gerrei;
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the infrequent volcanic edifices are Montiferro and Monte Arci; the cinder cones are:
Logudoro; very small necks are: Isola del Toro, Rio Girone, Guspini and small lava flows
are Barisardo, Baunei, Capo Ferrato and Tharros (D1 BATTISTINI ef al., 1990; MONTANINI
et al., 1994; LusTrRINO et al., 1996, 2002, 2004; LustriNo 1999, 2000a, 2000b, 2000c;
BeccaLuva et al., 1985). In Figure 1A, the mentioned volcanic deposits are marked with
triangles.

The absolute ages of the Plio-Quaternary volcanic deposits in Sardinia present a
major problem, as many bibliographic references are found, but there is a wide
disagreement between publications. We have found that in the older publications (1970
ties) the age is in better agreement (ASSORGIA et al., 1976; BEccaLuva et al., 1976),
whereas in more recent papers greater variability is found (PETTERUTI LIEBERKNECHT ef al.,
2003; LustrRINO et al., 2002, 2004; BeccaLuva et al., 1985). In fact, the first works
referred to published radiometric ages (SAVELLI and PasiNi, 1973; BELLuoMINI et al., 1970;
Bicazzi et al., 1971; D1 PaoLa et al., 1975; SAvELLI, 1975), while the recent works include
different newer surveys. For the newer works, the radiometric ages are more precise, but
differ in greater amounts between authors. Some differences may be due to problems with
the radiometric age determination, linked to Argon loss in rhyolitic glass samples
(BeccaLuva et al., 1985). Regarding our loading problem, since the timing of the loading
is not known with certainty or in great detail, the analysis must be undertaken by
considering the maximal and minimal expected loads that may have affected the
Tyrrhenian sea-level marker.

Recent “°Ar/*’Ar data (LUSTRINO et al., 2007a) suggest that the onset of the Plio-
Quaternary anorogenic magmatic phase may have occurred much earlier, in the middle
Miocene (~ 11.8 Ma). Given the local character of the sea-level anomaly (<50 km) there
is no need to include the description of all Plio-Quaternary deposits in Sardinia.
Therefore, in the following, we describe only those that are relatively close to the
anomaly and relatively young to be possible candidates as a source for sea-level change.
A summary of the volcanic units and their respective ages is given in Table 1.

2.1.1 Logudoro. This volcanism is located between the Anglona region to the north, and
the Marghine and Goceano chains towards the southeast, in N-W Sardinia (Fig. 3B). The
volcanism is similar to the other coeval volcanic deposits with fissural effusions and are
mostly alkalic in character, although some transitional and subalkalic deposits also exist
(BECCALUVA et al., 1985; 1976). This activity outcrops over an area of ~ 500 km?
(LusTrINO et al., 2004) or ~300 km? (BEccALuVA et al., 1985).

2.1.2 Dorgali-Orosei and S. Pietro Baunei. The complex is located in central eastern
Sardinia (Fig. 3D), near the Orosei Gulf. Its deposits (~ 150 km?) overlie Paleozoic and
Mesozoic substrates of limestones and dolostones, along a roughly NNE-SSW and NW-
SE trending fissure system. These rocks are ~80% alkaline and ~20% tholeiitic lavas
(LusTrINO et al., 2000) with alkali basalts, hawaiites, mugearites, basaltic andesites, with
mantle xenoliths (LusTRINO ef al., 2004) and unusual trace elements and isotopic ratios
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(Sr, Nd, Pb), compared with other Cenozoic European volcanic rocks. This suggests a
lithospheric mantle origin (LusTRINO et al., 2002).

2.1.3 Submarine volcanic activity. Twelve kilometers from Punta Nera di Osalla, north
of Marina di Orosei, a submarine basaltic deposit has been found (OrrU, 2004). No age is
available at this time.

3. Seismicity

Sardinia is considered to be a stable region, in fact the Sardo-Corso block has been
stable since 7 Ma. This makes the Tyrrhenian coastline a reference level for the
global sea-level change (LAMBECK et al., 2004a). The stability is demonstrated by low
earthquake activity, which according to the Instituto Nazionale di Geofisica e
Vulcanologia (INGV) classification (INGV, 2007), belongs to the lowest grade (4) in
the seismic-risk zoning of Italy. The historic macroseismic catalogue of INGV (DBMI04,
2007), contains only three events, and these have intensities less than I = 5: the first
occurred in 1838 (Sant’ Antioco; Lat 41°, Lon 9.25°), the second in 1924 in NW Sardinia
(Lat 41.7°, Lon 8.5°) and the third in 1948 (Sardinia Sea; Lat. 40°, Lon. 8.95°).
In Figure 1A the seismicity for 1971-July 2007 (NEIC, 2007) with the addition of the
historic events is shown. The island is practically aseismic, except for a cluster of events
in the north onshore, offshore further north and offshore to the northeast, with a
maximum magnitude of M = 5.1. The position and the magnitude of the events alone
cannot be responsible for the observed coastal height anomaly of the Tyrrhenian tidal
notch, although some vertical movement is not impossible over 125 ky, as occurred at
Capo Caccia (north Sardinia) (FeErranTI er al., 2006), but again cannot explain the
anomaly in Orosei Gulf where we observe a displacement of 4 m along 30 km.

4. Synthetic Load Models

In order to analyze the possible crustal response to volcanic loading and the resulting
relative sea-level change along the Tyrrhenian tidal notch of Orosei Gulf, we first
consider the effect of synthetic loads on the lithospheric flexure model (e.g., WATTSs,
2002). The flexure w(¥) of the plate loaded by a topography h(F) is given in the
formulation in frequency-space by the equation

WE) = —F—— H(E), M
Pm — Pe + % ‘k’

where W(k) is the Fourier transform (FT) of the flexure w(7) of the median line of the

plate, H (l:) is the FT of topography A(¥), p,., p. are respectively the crust and mantle

densities, g is the normal gravity, k is the two-dimensional wavenumber, and D is the

flexural rigidity of the plate, defined in terms of Young’s modulus E, the Poisson ratio v,

and the equivalent elastic thickness 7, as:
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p=13.—E

C =) (2)

We calculate the flexural response to various types of loads and its dependence on the
flexural parameters employed. The result is a sensitivity analysis on the vertical crustal
movement in response to volcanic load, considering the variation of several parameters:
elastic thickness (7,), load radius (), load height (H), base eccentricity (e¢) and distance to
coast (d). The parameter space is given in Table 2, where the values used for the tests are
documented. In the remainder of the paper we refer to the elastic thickness instead of to
the flexural rigidity, which implies a choice of a rheologic model. We refer to standard
values with E = 10"" Pa and v = 0.25. The elastic thickness must be scaled accordingly
for a different choice of the rheologic model.

We use a load model that represents a simplified morphology of the volcanic deposits.
For this, we employed a bell-shaped solid with an elliptical to circular base. The form
represents a generic load, where sig is the square of the halfwidth (sigr) of the bell, len is
the length along the bell defined by the azimuth o and amp is the amplitude of the bell
(Fig. 4A). The load topography (Z(x, y)) at the point (x, y) where the load is centred at the
origin (x = 0, y = 0), is given by:

2

Z(x,y) = h(x,y) - amp - e %, (3)

X 1 .
h= {cos ()E n) + 1} 5 (for argument of cosine < 7) 4)

h(x,y) =0 (otherwise)

with:
x, = cos(a)x — sin(a)y, (5)
¥, = sin(a)x + cos(a)y. (6)

In Figure 4A and 4B an example load is illustrated.

Table 2

Parameters used in the synthetic load modelling. The main values are set in bold character

Name of parameter Symbol of Values of different parameters employed Unit
parameter by the models

base diameter 2r 0.4 1 2 3 4 5 6 7 8 km

height H 10 60 110 160 210 260 310 360 410 m

elastic thickness T, 1 5 10 14 16 18 20 25 30 35 45 km

distance to coast d 5 25 45 65 85 km

load density Pe 2600 2700 2800 2900 kg/m®

mantle density P 3300 kg/m®
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Figure 4
Cartoon illustrating the essential quantities of the synthetic loading models: A) Plane view of the synthetic load
and displacement; B) Crow’s view of the synthetic load; C) Essential parameters defining the flexural
displacement.

4.1. Coastal Response to Synthetic Models of Variable Load Radius and Load Height

4.1.1 First case: medium flexural rigidity. In the first case we study the flexural response
to a load with variable radius and height, leaving rigidity constant and allowing for
several distances from the coast. The flexural rigidity has a medium value
(D = 8.9 x 10*'Nm), which corresponds to an equivalent elastic thickness of
T, = 10 km. The other fixed parameters are the crustal density (2700 kg/m?), the mantle
density (3300 kg/m3), and the Poisson ratio (0.25). We consider at first a load with a
circular base (radius r), and variable height (H); the values being those given in Table 2.
We obtain thus for one value of 7, and a fixed distance of the load from the coast 81 load
models, considering that we tested 9 different values for radius and height. We analyze
the effect of the load by considering the flexure effect along a 100-km long segment of
the Sardinia coastline centered on the Orosei Gulf. For each load model we extract the
values of maximum (Zbot) and minimum (Zhigh) downward movement along the coastal
segment; the latter possibly being transformed into an upward movement, in the case of
the flexural bulge cutting the coastline. Refer to Figure 4C for an illustration of the
quantities Zbot and Zhigh.

In Figure 5 we illustrate the model situation, with the single load (Fig. 5A) and the
flexure displacement of the surface assuming 7, = 10 km (Fig. 5C) and 7, = 1 km
(Fig. 5D). The load has a circular base of radius » = 1.5 km and the height H = 200 m.
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Cartoon illustrating the different model conditions of the synthetic loading: A) View of single load (d2) and B)
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profile Dorgali-Orosei.

These values are synthesized with bidimensional diagrams (abscissa: height, ordinate:
radius), in which all the other parameters on which the flexure depends are kept constant
(Fig. 6). We interpolate the calculated values on a regular grid, using a fourth-order
polynomial surface. We show 5 cases in which the load to coast distance varies from
5 km to 85 km, in steps of 20 km. As expected, the flexure increases with increasing load
mass, attaining greatest values for the maximum load corresponding to H = 410 m,
2r = 8 km.

Incrementing the distance between the load and the coast by steps of 20 km, the
flexural values decrease by 30%, 50%, 60% and 90% with respect to the starting value at
5-km distance from the coast, respectively. The models show that a load set at distance
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Crustal flexure along a coastline due to a synthetic load: flexural response due to a load with varying radius and
load height; flexural rigidity constant (7, = 10 km), different coastal distances.

85 km has a non-negligible effect on the coastline: taking for instance the model with
H=410m, 2r = 8 km and d5 = 85 km, the flexure attains the values —1.5 m and
—0.4 m, respectively.
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Due to the fact that the load increases with the square of the base radius, the flexure
depends strongly on this value. For all considered heights and distances (5 to 85 km) to
the coast, the value 2r < 2—3 km corresponds to very small flexural amplitude
(maximum flexure isoline: 20 cm), while if 2r = 4-6 km an observable flexure is
obtained (up to a few meters).

Considering a constant load height (410 m), a radius decrement (3.5, 3, 2.5, 2, 1.5,
1, 0.5, 0.2 km) corresponds to the percentage reductions with respect to the radius
(r) = 4 km of 79%, 58%, 40%, 26%, 15%, 6%, 2% and 1%, respectively. An increase of
height with constant radius produces a proportional flexural increase.

The amount of flexure, along the coastal segment for varying » and H at the 5
distances, is reduced with the increasing load-to-coast distance (d2 = 25 km, d3 =
45 km, d4 = 65 km, d5 = 85 km) to a value which is 85%, 53%, 25% and 8% of the
maximum value for d/ = 5 km. We can see that the effect of the load in all these cases is
the same: a downward flexure along the coast.

4.1.2 Second case: Low flexural rigidity. One important scaling parameter is the flexural
rigidity or equivalently the elastic thickness, that controls the flexural response. In the
following we take the radius, height and distance as above, using a low value of flexural
rigidity D = 8.9-10'® N m, (which corresponds to T, = 1 km). The flexure along the
eastern coastline for the different cases is shown in Figure 7. In Table 3 the extreme
values of the flexure along the coastline are given. The maximum downward deflec-
tion is 20-fold for the load nearest the coast, with respect to the previous case
(D = 8.9-10>' N m, 7, = 10 km). As the involved wavelengths are smaller, the flexural
bulge is seen along the coastline in the form of an uplift (4 m), for the load close to the
coast. The flexural response decreases quickly for a load more distant to the coast, and
Zbot at 25 km is only ~ 18% of the value for the load placed at 5 km distance to coast,
while the Zhigh is similar: 4.3 m for d/ = 5 km, and 4.25 m for d2 = 25 km. For
T. = 10 km we did not observe the bulge along the coastline profile, because it is located
at a greater distance from the load. It is interesting to observe that for 7, = 1 km the
maximum bulge is close to the load (~ 17 km) with a maximum amplitude (Zhigh) of
4.3 m and that it is apparent up to a distance of about 60 km; in fact, the positive values
decrease in amplitude and arrive to zero for d > 65 km, while for 7, = 10 km the
positive values are found at about 125 km.

4.2. Coastal Response for Synthetic Models of Variable Load Radius and Load
Position

In this model we considered the flexural response for the variation of radius (r) and
the load position (d), where the values vary as given in Table 2. The elastic thickness is
constant (7, = 10 km) and the load has constant height (200 m), the remaining
parameters having values as in Section 4.1 The variation of flexure is studied along the
coastal sector of the Orosei Gulf. This model is similar to the preceding one, and we
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Figure 7
Flexural displacement along the coast profile Dorgali Orosei for a load placed at different distances dl,...,d5
from the coast. Left abscissa for distance value d1, right abscissa for distance values d2,...,d5. The load has a
circular base of radius r = 4 km, height h = 410 m. Only for this case of an elastic thickness with an
unrealistically low value, the uplift of the coastline can be produced.

Table 3

Flexure due to a synthetic load of height H = 410 m and radius r = 4 km set at different distances from the
coast (5, 25, 45, 65 and 85 km) with T, = 1 km: The value for Zbot, Zhigh and Zhigh-Zbot and the respective
percentage value with respect to the nearest case with distance to coast = 5 km are reported

Zbot Yodecr. Zhigh Yodecr. Zhigh-Zbot
DI =5 km —-219 100% 43 100% 223.5
D2 =25 km —0.41 18% 425 98% 4.66
D3 =45 km —0.14 6% 0.92 22% 1.06
D4 = 65 km —0.1004 4% 0.005 11% 0.1054
D5 = 85 km 0 0% 0 0% 0

obtain the value of Zbot, Zhigh along the sector analyzed for the different 81 load
models.

The values are again interpolated on a regular grid with a fourth-order polynomial
surface. Figure 8 shows the values of Zbot and Zhigh for the range of radius and
positions. The flexure is always downwards and no positive values are present. The
values of Zbot depend strongly on the radius of the load, and also on the distance to the
coast. The difference between Zbot and Zhigh is small, and this is linked to the great
wavelength that characterizes the flexure (see Fig. 5C).
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Figure 8
Extreme flexure values (Zbot, Zhigh) along the coast segment for a synthetic load model for varying coastal
distance (d) and load radius (r). The elastic thickness is constant (10 km) and the load has the constant height
(200 m).

4.3. Effect of the Variation of Elastic Thickness on the Coastal Response

We now investigate the variation of flexure in function of elastic thickness.
The elastic thickness is an important parameter to describe the flexure. The
parameters employed are H = 200 m, »r = 4 km and 7, variable with the values given
in Table 2.

We illustrate the flexural response along a profile that has different lengths according
to the T, value (Fig. 9A). For T, = 10—40 km, the profile is 600-km long, while for
T, = 1-5 km itis 300 km. The flexure is described by Zbot (corresponding to the central
point of load’s application), Zhigh and Zhigh-Zbot.

We analyzed the pattern of Zbot, Zhigh and Zhigh-Zbot and found a rapid decrease in
the flexural values for each increment in 7, (Figs. 9B, C, D). Moreover we can see how
the flexural sag broadens with an increase of 7,, while the excursion of the bulge (Zhigh)
decreases (Fig. 9E). Also the distance of the maximum bulge uplift changes: for
T, = 40 km, Xbulge is at 490 km from the application load, while for 7, = 1 km Xbulge
is found at only about 30 km distance.

4.4. Influence of the Load’s Base Geometry

We now examine to what extent the flexure is sensitive to the variation of the
geometry of the load’s base. Purposeful to this, we vary the eccentricity of the load. We
adjust the major (a) and minor axes (b) so that the total area is constant (250 km?), and
employ the following eccentricities (e) = 0, 0.2, 0.4, 0.6, 0.8.

In order to retrieve the half axis values of ellipse and the radius of a circle of the same
area, we employed the formulas
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We find that there is little variation of flexure for a variation of eccentricities
(Fig. 10). Therefore the flexure is clearly linked to the development of the load area and

not to the geometry of the mass.

5. Volcanic Load Models Applied to Sardinia

(7)
(3)

At this point we study the effect that the volcanic loads have on displacement along the
coast of Sardinia, in order to explain the height-anomaly of the Tyrrhenian notch observed
in the Orosei Gulf. For this purpose, we consider both surface volcanic loads as well as the
effect of a possible magmatic intrusion, with age presumably younger than 1 Ma.

In order to estimate the volume of the loads, we overlay the geologic map on a digital
terrain model and estimate the thickness of the volcanic layer where the layer is cut by the
erosional effect of rivers. We use the SRTM (Shuttle Radar Topography Mission) digital
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Figure 10
Flexural displacement along a profile centered on the load. Load has elliptical base with variable eccentricity
and constant area. The effect of eccentricity is very small for low T,-values (e.g., T, = 1 km), and negligible for
higher 7, (e.g., T, = 10 km).

elevation model (Farr et al., 2007) with a 3 arc-sec spatial resolution. As the geological
maps are given in digital form and are georeferenced, the superposition with the SRTM
model should have the same precision as the geological map. The thickness estimate will be
more correct, the less the volcanic layer has lateral thickness variations. We model the loads
in the form of a solid similar to a shield, with an elliptical base. The model parameters are
the flexural rigidity or equivalently the effective elastic thickness (7,), the load density and
the mantle density. The latter are set to the values p. = 2700 kg/m? and p,, = 3300 kg/m®,
respectively. For the elastic thickness we calculate the flexure for different values of
flexural rigidity, assuming values of D = 8.9-1021, 7.1-1022, 2.4~1023, 5.6-10% and
11.1-10 N m (corresponding to elastic thicknesses 7, = 10, 20, 30, 40 and 50 km).

5.1. Dorgali-Orosei Load Model

The first load we consider is the Dorgali-Orosei complex (Fig. 3D), which is very
near the anomalous coastline. The ages given for this unit are between 4 Ma and 2 Ma
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(BECCALUVA et al., 1985; PETTERUTI LIEBERKNECHT et al., 2003; LusTtrINO et al., 2004). The
basalts belong to the Plio-Pleistocene succession (unit 5b of ConTI et. al., 1996), the age
of which is defined between 0.14 to 5 Ma. There is some morphological evidence that the
basalts could be as recent as a few 100 ka due to the freshness of basalt flows and the
position of the basalts relative to the notch, so we include them into our loading study. In
Figure 11A we show the topography along the profile B-B’ (see Fig. 3D). The
outcropping basalts are marked by the symbols basl and bas2. The thickness of the
basalts is approximated by the height H. The Cedrino River is seen to cut the basalts,
allowing the estimate of the minimum thickness. The basalts are covered by Quaternary
deposits.

The load is defined by the greater (a) and minor axis (b) of the elliptical base, the
azimuth of the major axis and the height. The load is composed of two units, the northern
load model (model A) and the southern model B (Fig. 11B), the details of which are
found in Table 4.

The flexure due to the Cedrino volcanic load along the entire coastline of Sardinia is
divided into the western (Fig. 11C) and eastern segment (Fig. 11D). The short-
wavelength variations of flexure along the profile are due to the varying distance of
the coastline from the load.

Along the western coastline (Fig. 11C) we find that the flexure reaches positive
values (up to 16 cm) for 7, = 10 km along some parts of the coast (between Cagliari
Gulf and south of Oristano Gulf; between Alghero Gulf and Asinara Gulf) due to the fact
that the coastline intersects the flexural bulge. For greater elastic thickness the values are
only negative. For the eastern coastline (Fig. 11D), we find that the flexure has only
negative values for all rigidities tested. An increase of the flexural rigidity leads to a
decrease of the flexure amplitude and to an increase in the characteristic wavelength. The
maximal downward flexure is found near the center of the Orosei Gulf, which is close to
the load application and amounts to —4.5 m for the rigidity value of 7, = 10 km. For
higher values of rigidity the maximum downward flexure amounts to 33% of this
maximal deflection for T, = 20 km, 17.7% for T, = 30 km, 14.8% for T, = 40 km and
13.3% for T, = 50 km.

The conclusion is that the basaltic volcanic load of Orosei-Dorgali does not explain
the positive anomaly of Orosei Gulf.

5.2. Logudoro Load Model

The second load that we consider is the Logudoro volcanic complex, as different
references discuss relatively recent activity, as late as 0.11 Ma (PETTERUTI LIEBERKNECHT
et al., 2003 and LustriNO et al., 2004). We follow the procedure explained above to
estimate the volume of the loads, and in Figure 12A one section across the complex is
shown (the profile position is shown in Fig 3B). Again bas 1 and bas 2 define the outcrops
of the basalts and H the estimated basalt thickness. The Plio-Quaternary volcanic deposits
cover the Oligo-Miocene volcanic load with fissural events (units 11, 12 in geologic map
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Figure 11
Dorgali-Orosei volcanic load. A) Section across the topography used to estimate the basalt thickness: the basalt
outcrop along the profile extends between positions basl and bas2, Dorgali-Orosei topographic section BB’, the
location of the profile is shown in Figure 3D; B) Load model Dorgali-Orosei: black: eastern coastal segment;
grey: western coastal segment; C) flexure along the western coastal segment for different 7,-values; D) flexure
along the eastern coastal segment for different 7, -values.
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Table 4

Details of the Dorgali-Orosei load model, composed of two deposits, A and B (see Fig. 11B): Geographical
coordinate of the centre of elliptical base, the greater (a) and minor axis (b), the height of the load (H) and the
azimuth of the major axis

Model Latitude Longitude High Azimuth Axis a Axis b
A 40.41° 9.73° 100 m 165° 5.5 km 5 km
B 40.32° 9.6° 130 m 150° 12 km 10 km

ConTI et al., 1996), and cover the younger continental and marine units of the Ussana
Formation (units 10c in geologic map, ConTI et al., 1996) and Citerri Formation (units
10a, Conti et al., 1996). We have modelled the volcanic complex as a composite of six
distinct bodies (A-F, Fig. 12B), defined by the position of the center, the maximal height,
the azimuth of the major axis, and the minor and major axes of the elliptical base
(Table 5).

Again we display the crustal flexure for different values of flexural rigidity, along the
western and eastern Sardinia coastal segments (Fig. 12). The western profile (Fig. 12C)
shows very well the flexural response to the load which creates an important downward
flexure for all T, values. The maximum downward flexure is found between the Oristano
Gulf and the Asinara Gulf (km 270-690 of the profile) due to the nearness of the load.

We find that the bulge is cut by the coast along the first 200 km of the profile for low
elastic thickness (7, = 10 km), with a maximum bulge height of 3.3 cm. It is not present
with higher values of elastic thickness. Along the eastern profile (Fig. 12D) the flexure is
again positive only for low 7T, (T, = 10 km), and the maximum upward movement is
6 cm. It occurs along the southernmost 100 km of the profile, that is in the southeastern
sector of the Sardinia coastline and in the eastern Cagliari Gulf. Along the northern
400 km of the profile the flexure is downward for all values of T, employed.

Also in this case we find that the load model does not explain the anomaly values
discovered along the Orosei Gulf: in fact the Gulf is located at 250-300 km from the
starting point of the eastern sector of Sardinia coastline where the flexure is negative for
all values of T, tested.

5.3. Mogi Model and Laccolith Model

In the previous paragraphs we showed that the surface volcanic loads are unable to
explain the positive anomaly of the notch height. We therefore proceed to consider the
crustal deformation due to a magmatic intrusion. We consider two models: A spherical
pressure source in the crust (Moci, 1958) and a model which geologically simulates a
laccolith. The laccolith is an igneous intrusion in the form of a lens-shaped body, with the
characteristic of greater lateral than vertical dimensions. The laccolith is formed by
magma that has been injected between planes of flat rock layers at a pressure that is
sufficiently great to force the overlying strata upward leading to a domelike shape with a
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Table 5

Details of the Logudoro load model, composed of deposits A-F: Geographical coordinate of the centre of
elliptical base, the greater (a) and minor axis (b), the height of the load (H) and the azimuth of the major axis

Model Latitude Longitude High Azimuth Axis a Axis b
A 40.64° 8.8° 50 m 0° 7 km 4 km
B 40.55° 8.75° 240 m 0° 2 km 1 km
C 40.50° 8.75° 200 m 0° 2 km 1.5 km
D 40.50° 8.82° 30 m 0° 6 km 4 km
E 40.46° 8.9° 70 m 117° 6 km 1 km
F 40.4° 8.69° 100 m 105° 8 km 2 km

planar base. We extend the two-dimensional laccolith model of TURCOTTE and SCHUBERT,
(2002) to the axis-symmetrical case by using the mathematical expression for the
deformation of an elastic plate deformed by a cylindrical source (Love, 1944; TIMOSHENKO
and WoINowsKY-KRIEGER, 1959).

5.3.1 Mogi model. One model frequently used to predict the deformation tied to volcanic
activity is the Mogi model (Moaci, 1958). It considers a spherical overpressure at a fixed
depth in a half space. The equation describing the vertical deformation W(x, y, z) at the
point defined by the coordinates (x, y, z; z positive upwards) is the following (Moal,
1958),

1
{+ 2d)2+R2}5/ ’

3

P

W(r,y,2) =2 (723 + 38d2> + 68d2> + 404> + 4dR> + zR?)
u

©)
aP R z+2d

il +
3/2 3/2
R {(z + 2d)2+R2}

)

where a,, is the radius of the sphere affected from the hydrostatic pressure, P is the
change in hydrostatic pressure in the sphere, d is the depth of the center of the sphere
from the surface, R* is R> = x* + y* and u is the Lame’s constant. In our case, the
vertical deformation is evaluated at the surface, so we put z = —d.

We have tested the Mogi solutions for different models. The used parameters are
described in Table 6. The point of load application and the pressure are kept constant. For
the value of the pressure we adopt the order of magnitude proposed by FERNANDEZ and
RunpLE (1994), which is P = 0.25 GPa. We analyze the vertical displacement along a
linear profile centered on the source, as shown in Figure 13.

In general we observe that for a constant radius, the flexure wavelength in the Mogi
model increases with depth, whereas the maximum height of the vertical displacement
decreases. A decrease in rigidity (u) is accompanied by smaller flexure wavelength and
greater displacement-amplitude.
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Table 6

Parameters employed for the synthetic Mogi model-situations: the source is described by the depth to the
intracrustal sphere (d), the radius of the sphere (r,,) and the rigidity (u). The pressure (P) is set to the value

0.25 GPa

Radius r,, Depth d Lame’s constant u
1 km 5 km 0.23 - 10"'(Pa)
1 km 10 km 0.23 - 10" (Pa)
1 km 15 km 0.23 - 10'(Pa)
1 km 5 km 0.21 - 10" (Pa)
1 km 5 km 0.19 - 10"'(Pa)
1 km 10 km 0.23 - 10" (Pa)
1.5 km 10 km 0.23 - 10'(Pa)
2 km 10 km 0.23 - 10" (Pa)
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Figure 13
Flexure due to the synthetic Mogi model for different values of depth of intracrustal sphere (d), the radius of the
sphere (r), and the crustal rigidity (u). The pressure is constant and assumed P = 0.25 GPa. The black lines are for
models with constant y and r (respectively 0.23—70"' Paand 1 km), and d from 5 to 10 km; the dark grey lines are
for models with constant r and d (respectively 1 km and 5 km) and u from 0.21-10"" to 0.19-10"" Pa; the grey
lines are for models with constant d and u (respectively 10 km and 0.23 10'' Pa) and r from 1.5 to 2 km.

The profiles shown in Figure 13 can be summarized as follows: for » = 1 km and
increasing depth (d = 5, 10 and 15 km), the wavelength of flexure increases and the
maximum resulting vertical displacement is 3.9, 0.97 and 0.43 m, respectively; for depth
d=10km and r = 1, 1.5, and 2 km, the maximum displacement reaches respectively
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0.97, 3.28 and 7.8 m; with r = 1 and d = 5 km with varying rigidity p (0.23, 0.21 and
0.19-10'" Pa) there is little variation in displacement-amplitude, of the order of 0.8 m
between extremes. Regarding the application of the models to the Orosei Gulf, due to
the fact that the contour lines that cut the coast must decrease from north to south, the
application point of the force in the Mogi model must be applied to the north of the
Orosei Gulf to explain the MIS 5.5 notch anomaly. We find that a single Mogi-source,
with acceptable source parameters (depth range of d = 23-26 km, radius between
r=26-34km, pu=0.19-0.23-10"" Pa) cannot describe the anomaly because the
flexure wavelength is smaller than necessary. The depth limitation is due to the fact that
the crust is 20-25 km thick (Scrocca et al., 2003; NicoricH, 2001; NicoLicH and DAL
Piaz, 1992; Panza et al., 2007), which poses an upper limit to the depth of the source.

5.3.2 Laccolith model. The Laccolith model assumes a cylindrical source, in which the
pressure source (P) is distributed over a circular area of radius (). This circular area of
radius b corresponds to the top of the magma conduct. We define the flexure w(r)
(r denotes the distance of the calculation point from the center of the plate) of a circular
plate of radius a and of thickness %, supported along the edge by the equations given by
TiMosHENKO and WoINOwsSKY-KRIEGER (1959):

wo(3 l—g & -1
w(r) {+G(a2—r2)+2r210gr+b2{10grGar]} r<a
a a

16D |1+ o 2(01+0) & =
w 3+ , ,, b T+3¢ ,
= b log= — —— 22 =0 10
() = 76D {Ha“ LT (10)

where W = (P—pgh)nb?, with p = 2700 kg/m’, ¢ is the Poisson ratio, for which we use
the standard value of 0.25, and the flexural rigidity is D = 1.1-10'"® N m, corresponding
to a plate thickness of 5 km. The plate supported at its edge has zero deflection along the
edge. A sketch of the model is found in Figure 14A.

The flexure for a disk clamped at its edges is very similar, with the difference that the
flexure is of smaller amplitude for the same applied pressure. A clamped plate has both
deflection and slope of deflection equal to zero along the edge (TmoscHENKO and
WoiNnowsKY-KRIEGER, 1959).

We have explored the parameter space that defines the model and compared the
resulting updoming with the observations. The fact that the anomaly decreases
southwards along the coast constrains the position of the source to northwards of the
highest point of the anomaly. For the value of the pressure, as in the previous case, we
refer to the value proposed by FERNANDEZ and RUNDLE (1994), (P = 0.25 GPa), and vary
the values between P = 0.2 and 0.3 GPa. The plate radius is allowed to vary between 10
and 100 km and the source radius between O (point source) and 1 km. We find that the
observations are reproduced with values of a = 40-50 km, b = 0.32-0.37 km, P =
0.27-0.28 GPa for different positions of the source application (Table 7). The model
curves obtained for the different cases reported in Table 7 are outlined in Figure 14A.
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< Figure 14

A) Plot of upward deformation due to the laccolith model for different points of application and sketch of

laccolith model; for the parameters of the model see equation (10). B) Geographic location of the models along

the Orosei Gulf. The black numbers along the coast are the height of anomaly MIS 5.5 (FErrANTI et al., 2006)

and the neighboring towns are written to the left in small letters, the capital letters are for the main towns; the

small black crosses indicate the center of the load application of the laccolith models; the grey ellipses show the
Dorgali-Orosei load model (Fig. 11B).

Table 7

Parameters describing the laccolith model for different points of application of the upward oriented force.
Easting, Northing: Geographical position in Gauss Boaga coordinates of force application point; A: plate
radius; B: dyke radius; P: pressure in GPa. The models have a constant crustal and mantle density respectively
of 2800 kg/m’® and 3300 kg/m’®

Different point-application points

Model 1 Model 2 Model 3 Unit
Easting (km) 1565 1576 1565 km
Northing 4481 4471 4469 km
(km)
a (km) 50 44 40 km
b (km) 0.32 0.37 0.34 km
P (GPa) 0.28 0.27 0.28 GPa

Here we have subtracted the expected value (7 £ 2 m) from the observed height of the
notch so as to obtain the height anomaly. We find that the height anomaly can be
explained satisfactorily by the model, although the model parameters are not unambig-
uously determined. We obtain the best agreement when the source is positioned at
latitude between 40.38°N and 40.48°N, and at a longitude between 9.76°E and 9.89°E
leading to an uncertainty of 11 km. The range of possible positions is marked by the
crosses shown in Figure 14B.

6. Discussion

In this work we explain the Tyrrhenian notch tilting (ANTONIOLI et al., 1999) along the
Orosei Gulf (NE Sardinia) as being due to a magmatic intrusion that must have occurred
either after the notch was formed, or shortly before. In the past (Biar et al., 1992), the
notch inclination had been explained qualitatively by the association of the tilting with
the residual activity in the nearby Pliocene-Quaternary Cedrino Volcanic field (for this
paper, the Dorgali-Orosei complex), whose activity ended at 140 ka, shortly before the
MIS 5.5.The fact that the tilting of the notch anomaly is absent at a greater distance
(AnTONIOLI et al., 1999; AntonioLl and Tramiro, 2005) is an indication of the local
character of the anomaly.
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In order to investigate the influence of volcanic loads on the vertical movement of the
coast, we used the isostatic regional flexure model (Watts, 2002). When seeking a
candidate that could have provoked the notch anomaly by loading, we must consider
volcanic deposits that are younger or not substantially older than the age of formation of
the notch. This is because for old loads, the crust would have already reached its
deformed equilibrium at the time of formation of the notch, hence the notch itself would
be horizontal and undeformed.

A review of the relevant literature (BeccaLuva et al., 1975; 1985; PETTERUTI
LIEBERKNECHT et al., 2003; LusTtrRINO et al., 2004; 2007b; ConTI et al., 1996) has shown
that there are relevant differences in the published ages for every volcanic deposit.

Another problem is due to the fact that authors do not determine the ages for
individual volcanic complexes, but rather give generic ages that apply to several volcanic
deposits. For some authors (BEccaLuva et al., 1985; PETTERUTI LIEBERKNECHT et al., 2003;
LusTtrINO et al., 2004) the final activity for the Dorgali-Orosei complex is over 1-2 Ma
old; for BEccaLuva et al. (1975) and Conri et al. (1996), the final limit is extended into
the Quaternary. The geological map of Sardinia (ConTi et al., 1996) included the fissural
emissions of the last volcanic activity, and the succession of basaltic lava flows could
have complicated the temporal distinction of the samples.

The only volcanic deposit which according to the existing literature is of relatively
young age is the Logudoro complex. In fact, the activity of the Logudoro complex ended
0.15 Ma according to BeccaLuva et al. (1985), 0.11 Ma according to PETTERUTI
LiEBERKNECHT et al. (2003), 0.1 Ma according to LustriNO et al. (2004) and 0.4 Ma
according to LustriNoO ef al. (2007b). According to some authors the final activity for the
Dorgali-Orosei complex is older than 1 Ma (BeccaLuva et al., 1975; 1985; PETTERUTI
LIEBERKNECHT et al., 2003; LustriNO et al., 2004; 2007b), and thus could not be
considered responsible for the notch anomaly, as it would be too old. New field research
regarding the Orosei-Dorgali tidal notch underlines the younger timing for some of the
Dorgali-Orosei volcanic deposits. In fact, new findings (Fig. 15) present evidence that
one lava deposit near Cala Gonone covered and filled the lithophaga holes carved on the
limestones MIS 5.5 double notch (ANTONIOLI et al., 2006) at an altitude of about 4 m. This
observation leads us to state that some lavas are younger than 125 ka and consider the
Dorgali-Orosei complex as a candidate for a volcanic load that could be responsible for
the observed notch anomaly.

So as to study the effect of a volcanic load on the vertical movement of the coast, we
first considered the flexure due to synthetic loads that resemble the features of a Sardinian
volcanic load. Regarding the flexural modelling, one parameter that affects the solutions
is the flexural rigidity. Presently this parameter is unknown for this area and would
require a separate study to be determined (e.g., BRAITENBERG et al., 2003, 2006; EBBING
et al., 2007; WIENECKE et al., 2007). We have therefore investigated the flexural response
assuming different rigidities.

We find that the volcanic loads cannot reproduce the local bulge needed to explain the
uplift in the Orosei Gulf outlined by the observation of the MIS 5.5 anomalies (Figs. 11,
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Figure 15
1) The base of the large smoothed notch near Cala Gonone carved into the limestone, with eroded but still well-
preserved Lithophaga holes; 2) the explosive portion of the lava flow (volcanic breccia); 3) The basalt; 4) The
lithophaga holes filled with black volcanic rock.

12). We then used the model of a spherical overpressure source (Mocl, 1958) and an
alternative model for which an uplift is linked to the intrusion of a magmatic body
(laccolith/batholith), following the model proposed by TurcoTTE and ScHUBERT (2002)
and the theory of which is found in more general terms in TiMoscHENKO and WOINOWSKY-
KRIEGER (1959).

We find that the Mogi-model cannot explain the anomaly, due to the fact that the
wavelength of the anomaly is too small. The laccolith/batholith model, however, gives
satisfactory results and can explain the anomaly. We find a class of possible solutions,
with the parameters of plate radius (a), dyke radius (b), and pressure value (P) being in
the ranges: a = 40—50 km, b = 0.32—0.37 km, P = 0.27—0.28 GPa. The plate radius
of the laccolith/batholith model defines the radius of the area that is affected by the uplift
with the borders of the area being supported by the underlying strata. The geographical
position of the laccolith centers are located in an area near Punta Nera d’Osalla. The
range of possible positions for the source corresponds to a sector that extends from Orosei
to the offshore volcanic deposit. A more southern position, e.g., at Biddiriscottai near
Cala Gonone, where from a geomorphological standpoint the basalt fills the tidal notch,
indicating a younger age, would not be acceptable as a position of the overpressure
source. Nonetheless a plausible model could involve local uplift due to magmatic
intrusion that produced some basalt products that reached the surface.

7. Conclusion

In the present study we have attempted to explain a height anomaly of the MIS 5.5
tidal notch in a presently tectonically stable area: the Sardinia Island. Our results show
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that the surface volcanic loads cannot be responsible for the notch level anomaly because
the two possible load candidates when considering the ages of the volcanic deposits, the
Dorgali-Orosei and the Logudoro volcanic units, have been shown to not produce coastal
uplift. Another model that has been used to describe the updoming is the Mogi-model
(Mogi, 1958). We find that this also does not explain the anomaly. In fact, in the “Mogi
model,” the flexure wavelength linked to a plausible source is smaller than the observed
anomaly. In order to increase the characteristic wavelength the depth of the pressure
source would have to be increased to unacceptable values, in that it would need to be
located below the crust.

The third model we considered is that of a magmatic intrusion. The position of the
source of the intrusion could be located between Punta Nera d’Osalla and a submarine
volcanic deposit (OrrU, 2004). We find that a magmatic intrusion modelled by an
overpressure over a circular area applied to an elastic layer can explain the observations.
If our assumptions are correct, this result would have the consequence that the most
recent documented volcanic activity (Logudoro volcanic units, in western Sardinia) aged
between 0.1 ka and 0.4 ka according to different authors was not confined to western
Sardinia, but also affected the eastern part of Sardinia. The activity to the east would have
mainly produced a magmatic intrusion, with reduced or absent volcanic products at the
surface, with evidence of young basaltic products to the east proposed from geomor-
phologic observations. This last hypothesis can be confirmed only with new data that
consider the dates and geochemistry of the basalts. Given the importance of the issue, the
need for more geological investigations and good and more extensive radiometric ages is
evident.

Presently, we have unequivocal evidence that young basaltic products cover and fill
the MIS 5.5 tidal notch and lithophaga holes near Cala Gonone (Fig. 15). This
observation cannot be explained if the basaltic products were older than the age at which
the notch was formed. According to our flexural modelling, these deposits could be
associated with the intrusion that produced the coastal localized uplift. These basaltic
deposits are of too small volume to have produced a considerable downward deformation
of the MIS 5.5 notch, with the uplift due to the intrusion being the predominant effect.
Our conclusion, that the western Sardinia coast was also affected by relatively young
volcanism, opens new prospects in the understanding of this stable area of the
Mediterranean.
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