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Abstract 

Rifting of the east Sardinia passive margin was characterised by a southeastward migration of the site of extension 
through time. In the first stage of rifting (9-7 Ma), lithospheric thinning was mainly localised near Sardinia; crustal and 
subcrustal thinning factors averaged across the whole transect were 1.12 and 1.5, respectively. At 7 Ma, i.e. immediately 
before the onset of the Messinian salinity crisis, the basin floor was at depths of up to 1000 m in the west and less than few 
hundred metres in the east. During the second stage of rifting (between 7 and 5 Ma), the site of main extension was located 
in the central part of the future margin with average crustal and subcrustal thinning factors of 1.18 and 1.63, respectively. At 
5 Ma, after the termination of the Messinian salinity crisis, the morphology of the basin floor had changed substantially with 
depths in general between 700 and 1000 m. Extension, during the last rifting stage before oceanic crust formation at 3.5 Ma, 
was mainly concentrated in the southeastemmost part of the profile; average crustal thinning factors increased dramatically 
to I .95, while the subcrustal one remained almost unchanged (1.64). The analysis of temporal changes of thinning factors 
shows that the opening of the Tyrrhenian oceanic basin can be adequately explained with a depth-dependent pure-shear 
geometry with crustal and subcrustal thinning being accommodated on the same vertical column. Subcrustal thinning factors 
in the initial stages of rifting were higher than the crustal ones but the two become comparable approaching break-up. The 
regional compensation of changing loads coupled with a very deep depth of necking, is consistent with the observed 
subsidence trend and basin stratigraphy. 

1. Introduction 

The Tyrrhenian Sea oceanic basin (Fig. I) devel- 
oped superimposed on the Alpine-Apenninic belt. 
Late Tortonian extension between the Sardinian- 
Corsica block and the Adriatic (micro)plate started 
together with the counterclockwise rotation of the 
latter contemporaneous to a major change in the 
Africa-Europe pole of rotation (Dewey et al., 1989). 

* Corresponding author. 

Initially, extensional deformation was mainly lo- 
calised along the border between the western parts of 
the chain and the adjacent Sardinian Paleozoic crust. 
Contemporaneous to rifting, thrusting was going on 
in the eastern part of the chain. This pattern re- 
mained constant through time with an eastward shift 
of the sites of maximum deformation. As a result, 
extensional structures progressively overprint con- 
tractional features, both younging towards the east 
(Patacca et al., 1990). The first oceanic crust, mark- 
ing the end of the rifting stage, formed at 4.1 Ma 
&u-tori, 1990). The oldest sediments overlying the 
basalts of the Vavilov basin have been biostrati- 
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graphically dated at about 3.5 Ma &u-tori, 1990). 
Continued rotation of the Adriatic plate caused fur- 
ther opening of the oceanic basins and the formation 
of a new spreading centre to the south (Marsili 
basin) with basalts less than 2 Ma old (Leg 107 
Shipboard Party, 1986). 

Spadini et al. (1995) have used a numerical model 
to constrain the parameters which describe the litho- 
spheric and the crustal thinning of the Sardinian 
passive margin. An excellent fit with present-day 
basement morphology, Moho geometry, heat flow 
and gravity anomalies was obtained. They found that 
the opening of the Tyrrhenian ocean can be ade- 
quately described in terms of depth-dependent 
stretching in an overall ‘pure shear’ geometry. It was 
also demonstrated that the lithosphere retained part 
of its strength during extension: this played a key 
role in controlling the shape of the basins developed 
within the rifted margin. 

Here, we use this model to analyse in detail the 
kinematics of extension and, more specifically, the 
vertical movements which took place during rifting. 
For this purpose we carry out stratigraphic modelling 
to quantitatively reconstruct the evolution of the 
margin (changing depth, morphology of the basin 
floor, thinning and stretching factors during time). 
We focus on the vertical movements along the mar- 
gin which have been so far only qualitatively de- 
scribed. 

2. Tectono-stratigraphy of the modelled profile 

The 200-km-long modelled section runs in a 
NW-SE direction from the easternmost parts of 
Sardinia to the Tyrrhenian abyssal plain (Figs. 1 and 
2). To the northwest, the section starts about 20 km 
from the Sardinian coast. The southestem termina- 
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Fig. 1. Simplified bathimetric map of the Tyrrhenian area showing the location of the analysed section. Basaltic areas are also shown 
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tion of the profile roughly coincides with the conti- 
nent-ocean transition. The transect is seismically 
covered by a number of published profiles (Mascle 
and Rehault, 1990; Bartole, 1981, and enclosed ref- 
erences) and in particular by the MS-l seismic pro- 
file described by Finetti et al. (1970). Five boreholes 
(Holes 654, 653, 132, 656, and 652 DSDP/ODP) 
have been drilled along the transect providing a good 
calibration and sedimentological characterisation of 
the sediments. To construct a complete section across 
the margin we integrated reflection and refraction 
seismic data with borehole data. We then depth-con- 
verted the obtained section using velocities measured 
in boreholes (Mascle and Rehault, 1990), refraction 
and multi-channel seismic experiments (Morelli, 
1985; Mascle and Rehault, 1990, respectively). The 
sea-floor along the profile shows a step-wise deepen- 
ing with a western step at about 1500 m depth, a 
central one at 2500 m and an abyssal plain which 
lies at about 3500 m (Fig. 2). The three steps are 
generally referred to as the upper, middle and lower 
margin, respectively (Kastens et al., 1988). 

The seismic coverage across the upper margin 
allows for a good control on the geometry of the 
horizons used in this study, further calibrated with 
well ODP 654. Some doubts exist on the position of 
the top Tortonian in the Baronie basin (Fig. 2). In the 
middle margin, the top Messinian and younger hori- 
zons are well constrained by seismic and ODP-DSDP 

664 ODP 

boreholes. For the older part of the succession we 
have adopted the interpretative thicknesses proposed 
by Curzi et al. (1980) and Mascle and Rehault 
(1990). The position of the pre-rift basement was 
derived from refraction seismic data (Duschenes et 
al., 1986). In the lower margin, the geometry of the 
various reflectors is well constrained by numerous 
seismic sections and boreholes (Mascle and Rehault, 
1990). 

As the sedimentary successions along the profile 
and the tectono-stratigraphic evolution of the margin 
have been qualitatively described in several papers 
(e.g., Curzi et al., 1980; Kastens et al., 1988; Kastens 
and Mascle, 1990; Sartori, 1990 and references 
therein), we will only summarise those aspects which 
are pertinent to our discussion. To the west of the 
profile, the uppermost pre-rift units consist of Hercy- 
nian metamorphic and igneous rocks (Selli, 1974; 
Bacini Sedimentari, 1977; Finetti and Del Ben, 1986; 
Sartori, 1990). The Mesozoic to Paleogene sedimen- 
tary cover of the Sardinian block, which is known 
from other parts of the island is largely missing 
onshore and possibly along the profile because of 
Messinian or earlier erosion (Carmignani et al., 
1989). To the east, the substratum of the syn-rift 
succession is formed by the stack of Alpine-Apen- 
ninic nappes including the ophiolitic remnants of the 
Jurassic Ligurian-Piemont ocean closed in Tertiary 
times (I.G.M., 1980; Sartori, 1986) and, locally, by 
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Fig. 2. Section A-B (Fig. 1). Observed stratigraphy along the Sardinian passive continental margin. Projections of the ODP and DSDP 
boreholes are shown. The section is based on Mascle and Rehault (1990). Bartole (1981) and references therein. Time/depth conversion 
was made according to interval velocities measurements at drilled sites (ODP Leg 107) and to multi-channel seismic profiles information. 
BB = Baronie basin, BR = Baronie ridge, CB = Comaglia basin, CF = Central Fault. 
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Alpine metamorphic rocks (Sartori, 1986). The tran- 
sition between the Hercynian and Alpine pre-rift 
basements seems to occur across a major NE-SW- 
trending lineament known as the Selli Line or as the 
Central Fault (Selli, 1985; Sartori, 1986). 

Rifting started in the late Tortonian (9-8 Ma) 
(Sartori, 1990) and ended in the Late Pliocene (3.4 
Ma) (Trincardi and Zitellini, 1987) with the appear- 
ance of oceanic crust in the Vavilov basin. Extension 
is recorded only east of the Sardinian mainland and 
is well documented by fault-controlled thickness 
changes, tilted blocks, wedge-shaped sedimentary 
bodies, detrital cones linked to the activity of normal 
faults as well as by small sedimentary features such 
as small-scale debris-flow deposits, micro-faults and 
chaotic beds, microbreccias, and water-escape struc- 
tures (e.g., Fabbri et al., 1981; Rehault et al., 1987; 
Kastens et al., 1988; Mascle and Rehault, 1990). 
Despite the fact that evidence for extension is found 
all along the margin throughout the entire rifting 
stage, the site of most intense deformation was lo- 
calised and shifted towards the southeast in time: it 
was located in the upper margin in the late Torto- 
nian, at the middle margin in the Messinian and 
arrived at the lower margin during the Early Pliocene. 
There is no evidence for phases of quiescence sepa- 
rating discrete deformation events and we, therefore, 
assume that the changes occurred in a continuous 
manner. 

The Tortonian part of the syn-rift succession is 
spatially restricted to grabens and half-grabens where 
it reaches maximal thicknesses of 300-400 m. The 
succession starts with local subaerial conglomerates 
evolving upsection to shallow-water glauconitic sands 
and to open marine nannofossil oozes (Site 654) 
(Kastens and Mascle, 1990). Tortonian strata are 
missing on the structural highs and also in inland 
Sardinia, possibly as a consequence of Messinian 
erosion (Carmignani et al., 1989). An earlier onset of 
erosion with crystalline basement exposed already in 
Tortonian times is, however, suggested by clay- 
mineralogy data from site 654 (Charnley et al., 1990). 
Tortonian beds are locally missing also in the lower- 
most margin because of Messinian erosion. 

During the Messinian, the well known evaporitic 
sequence was deposited (Curzi et al., 1980). The 
depocentre of the succession was located in the 
middle margin where the Cornaglia basin was formed 

and the most complete evaporitic sequence is found: 
the lower portion is characterised by salt layers, with 
the occurrence of diapiric structure, and intercala- 
tions of clay and anhydrite; the upper sequence is 
mainly constituted of alternating gypsum and marls 
(Curzi et al., 1980). The Messinian sequence, on the 
structural highs of the upper margin, is characterised 
by shallow-water carbonates. From the Comaglia 
basin, where the thickness is about 800 m, the 
thickness of Messinian deposits decreases symmetri- 
cally toward northwest and southeast (200-300 m). 
In the lower margin the evaporites are heteropic with 
elastic deposits interpreted as paleoslope lens (Curzi 
et al., 1980). Subaerial breccias on the structural 
highs of the lower margin were detected by Sartori 
(1990). He also found indications of subaerial envi- 
ronment at ODP Site 656 for the occurrence of red 
continental paraconglomerates of probable Messinian 
age. This is compatible with the generalised absence 
along this segment of the transect of Tortonian beds 
which has been attributed to Messinian erosion 
(Mascle and Rehault, 1990). 

In the earliest Pliocene, an erosional event, mi- 
grating from the lower to the middle margin (Bartole, 
198 l), caused the formation of a major unconformity 
at the top of the Messinian evaporites known as the 
‘M’ unconformity (Biscaye et al., 1971). The ero- 
sional event was followed by Early Pliocene subsi- 
dence of the Tyrrhenian basin. Sedimentological 
studies (Curzi et al., 1980) constrain the Pliocenic 
deepening of the Messinian sediments to a value of 
loOO- 1500 m for the upper Sardinian margin and of 
2500-3000 for the bathyal plain. The Early Pliocene 
sedimentation was mainly characterised by nanno- 
fossil oozes. The thickness of this unit does not 
exceed 200-300 m with minimum values on the 
Comaglia basin (50- 100 m) and is topped by a 
Middle Pliocene unconformity (‘X’ of Selli and Fab- 
bri, 1971) which represents the break-up unconform- 
ity of the Tyrrhenian Sea (Trincardi and Zitellini, 
1987). 

During the drifting stage, an up to @O-m-thick 
succession of Late Pliocene-Pleistocene pelagic cal- 
careous mud, volcanic ashes and sapropel was de- 
posited indicating a general transgressive phase from 
the end of the Messinian until the present. The 
maximum thickness of the Late Pliocene-Pleisto- 
cene sediments is found in the lower margin (Trin- 
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cardi and Zitellini, 1987). Towards the northwest the 
thickness decreases to values between 100 and 200 
m at ODP/DSDP Sites 653 and 132 with the excep- 
tion of the Sardinian basin where it reaches 500 m 
due to large elastic input from the inland. 

3. Modelling of the basin-fill 

3.1. Modelling technique 

To model the east Sardinia passive margin we 
used a finite-difference kinematic model (Kooi et al., 
1992) in which the analysed transect is subdivided in 
40 boxes of 5 km width. For each box we specify a 
crustal (8) and a subcrustal ( p > thinning factor 
(Royden and Keen, 1980). Crustal and subcrustal 
thinning factors are defined as the ratio between the 
initial and final thickness of the crustal and sub- 
crustal layers, respectively. This has the advantage of 
facilitating direct comparisons with the stretching 
factors. Flexural compensation of changing loads has 
been used in the model incorporating a depth of 
necking of 25 km (Fig. 3) and an effective elastic 
thickness defined by the 400°C isotherm (Spadini et 
al., 1995). Following Braun and Beaumont (1989) 
we define the depth of necking as the level which 
experiences no vertical movement in the absence of 
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Fig. 3. Schematic representation of the effect of a deep level of 
necking controlling the thinning of the crust (Kooi et al., 1992): 
an overall upward state of flexure, deep basin troughs and uplift of 
the rift flanks are expected. Spadini et al. (1995) constrained the 
depth of necking for the Tyrrhenian basin at 25 km. This is a very 
deep value considering that the pre-rift thickness of the Tyrrhe- 
nian crust was around 30-35 km. 

Table 1 
Model parameters 

Value 

a 80 km 
c 30 km 
To 0°C 

T, 1333°C 
k 7.8X 10e7 m*/s 

r, 400°C 
a 3.4x lo-sac 
‘c 9.8 m/s’ 

PC 2800 kg/m3 
Pm 3330 kg/m3 

PS 2800 kg/m3 
Pw 1030 kg/m3 
40 0.55 
c 0.55 km- ’ 

Definition 

initial lithospheric thickness 
initial crustal thickness 
surface temperature 
astenosphere temperature 
thermal diffusivity 
isotherm describing EET 
thermal expansion coefticient 
gravitational acceleration 
surface density crustal rock 
surface density mantle rock 
sediment grain density 
water density 
sediment surface porosity 
compaction depth constant 

gravity forces. Basement subsidence is calculated for 
the adopted thinning factors and corrected for the 
loading effect of water and/or sediments. The space 
between the imposed water-depth and the calculated 
basement position is subsequently filled by sedi- 
ments. Sediment compaction is taken into account 
using an exponential porosity-depth relation (Table 
1). Other physical parameters used for modelling are 
given in Table 1. 

3.2. Paleo-water depth 

The ODP wells (Kastens and Mascle, 1990) obvi- 
ously represent the only data points for paleo-water- 
depth estimates. For the parts of the section between 
the wells and for the time interval for which no 
sediments are preserved, no direct estimate is possi- 
ble. First-guess values were derived by interpolating 
between the data points and considering the relative 
vertical position of the different segments as derived 
from seismic and sedimentological data. With a trial- 
and-error procedure, these estimates were then varied 
in order to fit the observed stratigraphy. The result- 
ing water-depth evolution (Fig. 4) is quantitatively 
coherent and provides an indirect output of the model 
giving previously unknown information. This is par- 
ticularly interesting to predict phases of emersion for 
which no direct record is preserved. Although 
paleo-water-depth estimates based on sedimentologi- 
cal and paleontological data have uncertainties vary- 
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ing from 100 m, for the shelf deposits, to 300-400 m 
for the deeper facies, our results are likely to have a 
small dependence from the paleo-water depth due to 
the very short duration of the post-rift phase and the 
strongly regional compensation of loads adopted in 
our model. 

3.3. Sea-level changes 

Our model also includes relative sea-level changes 
taken from the curves of Haq et al. (1987) which 
may be partly of eustatic and partly of tectonic origin 
(Cloetingh, 1991). We introduced a correction for 
the Messinian time when the Mediterranean was 
temporally separated from the Atlantic and the 
Tyrrhenian Sea basin was repeatedly dried out (Cita 
et al., 1990). The duration of these flooding and 
evaporation events was shorter than our 2-m.y.-time 
window and we have, therefore, conventionally 

adopted a value of - 500 m for the average sea-level 
value during the considered time interval (see discus- 
sion below) (Fig. 4). 

3.4. Crustal and subcrustal thinning factors 

The total thinning factors adopted in the model 
(Fig. 5) are derived by comparing the present-day 
crustal and lithospheric thickness for each box with 
the pre-rift values which are assumed to be constant 
across the entire future margin and correspond to the 
present-day thicknesses in the mostly undeformed 
Sardinia block (30 and 80 km, respectively) (Spadini 
et al., 1995) (Fig. 5). Using these values for a rifting 
duration of 6 m.y., between 9 and 3 Ma (Sartori, 
1990), the model predicts a correct basement topog- 
raphy but a geometry of the syn-rift succession 
which is substantially different from the observed 
stratigraphy (Fig. 6a). A single-step evolution is 

BATHYMETRY 

100 
distance (km) 

SEA LEVEL 

Fig. 4. Paleobathymetric variations predicted by the model for different time interval (a) and sea-level changes used in the modelling (b) 
(see discussion in the text). 
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NW SE 

crustal structure for 25 km necking depth 

IW 
distance (km) 

Fig. 5. (a) Predicted crustal geometry from a flexurally compensated model accounting for a depth of necking of 25 km (Spadini et al., 
1995). (b) Total crustal and subcrustal thinning factors are derived assuming initial crustal and subcrustal thicknesses of 30 and 80 km, 
respectively. 

further in contradiction with several observations 
which demonstrate a southeastward shift of the site 
of extension in time (Kastens and Mascle, 1990; 
Sartori, 1990). In order to describe these kinematic 
changes we have subdivided the rifting interval in 
three continuous steps of 2 m.y. at 7 Ma, 5 Ma and 3 
Ma. In our calculation, entire numbers of m.y. are 
used to define these stages corresponding to the 
Tortonian, Messinian and Early Pliocene rifting steps; 
more correct estimates, 6.5 Ma, 4.8 Ma and 3.5 Ma, 
respectively (Kastens and Mascle, 1990) do not 
significantly change our results. Since there is no 
evidence for quiescence phases separating different 
rifting pulses, these steps are only artificial separa- 
tions of a continuous process. While the total thin- 
ning factors are fixed, the partial ones for the various 
stages are not. With a trial-and-error procedure they 
were varied in order to fit the seismic and geological 
observations, with the constraint that the product of 
the factors for the single steps must equal the mea- 
sured thinning factor for that specific box. With this 
scenario we obtained a good fit with the observed 
geometries (Fig. 6b). Fig. 7 shows the predicted 
changes of the thinning factors through time. 

4. Quantitative reconstruction of subsidence and 
basin stratigraphy of the Sardinian margin 

4.1. Mode and rate of extension 

Similar to many other basins, there is an ongoing 
debate whether the geometry of lithospheric exten- 
sion in the Tyrrhenian basin reflects a ‘pure shear’ or 
a ‘simple shear’ configuration (Wang et al., 1989; 
Rehault et al., 1990; Mascle and Rehault, 1990). 

Diagrams of Fig. 7 demonstrate an overall ten- 
dency for the site of maximal crustal thinning to 
coincide with the site of maximal subcrustal thin- 
ning. A simple-shear geometry with the site of sub- 
crustal thinning significantly displaced with respect 
to the crustal one produces a stratigraphic and, more 
important, a heat-flow pattern different from the 
observed ones. As further discussed below, our 
pure-shear geometry produces a remarkable fit with 
the measured heat flow. This seems to exclude the 
existence of major low-angle faults cutting through 
the whole lithosphere and displacing laterally the 
thinning. The subcrustal thinning factor is generally 
higher than the crustal one. The difference between 
the two is largest during the first rifting step, it then 
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decreases and is practically eliminated during the last 
time interval before the break-up. 

The opening of the Tyrrhenian Sea, therefore, can 
be described as having a depth-dependent, pure-shear 
geometry. In the first phases, subcrustal thinning was 
much stronger than the crustal one, which suggests a 
heat input in the system larger than that provided by 
the extension. Since information about the pre-Torto- 
nian sediments is lacking, we do not know the time 
of the onset of this process which could have started 
slightly earlier than the onset of crustal thinning. 
This pattern of heat input preceding or overlapping 
with the very first stages of rifting has been recog- 
nised recently in a number of extensional settings 

like the Mesozoic passive margin of Adria presently 
exposed in the Southern Alps (Bertotti and ter Vo- 
orde, 1994) and in the North Sea ‘triple junction’ 
(Hendrie et al., 1993). 

4.2. Rifting stage 

In late Tortonian times (between 7 and 9 Ma) 
extension in the future passive margin first affected 
the lithospheric segment adjacent to onland Sardinia. 
Crustal thinning factors compatible with the ob- 
served stratigraphic pattern reach maximum values 
of ca. 1.20 in the segment around 50 and 80 km and 
gently decrease in a rather symmetric fashion both to 
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Fig. 6. (a) Predicted stratigraphy for a single rifting event applying the measured thinning factors (Fig. 4) for a rifting duration of 6 m.y. The 
resulting geometry is substantially different from the observed one (Fig. 2). (b) Basement geometry and stratigraphy predicted by the model 
incorporating three thinning phases of finite duration. BR = Baronie basin, BR = Baronie ridge, CB = Comaglia basin. Cf = Central Fault. 
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the northwest and to the southeast (Fig. 7). The thinning. On the two sides of this segment very 
average crustal thinning factor is 1.12 (Table 2). The limited subsidence took place (Figs. 8 and 9). In 
subcrustal lithospheric thinning factors (average = onland Sardinia, outside the profile, the model pre- 
1.5) are much higher than the crustal ones and show dicts an uplift of about 400 m. Given the suitable 
a similar pattern across the margin with the highest climatic conditions this could have caused substan- 
values found around 70 km southeast of the profile tial erosion (Charnley et al., 1990) and at least partly 
margin (Fig. 7). Subsidence was strongest in the explains the absence of the Mesozoic to Paleogene 
upper margin coinciding with the site of maximum sedimentary cover in northeastern Sardinia 

NW SE 

RIFTING PHASE 3 53 Ma 
u I I I 

100 
distance (km) 

RIFTING PHASE 2 7-5 Ma 
P I I I 1 

distance (km) 

RIFTING PHASE 1 9-7 Ma 
w I I , I 

100 
distance (km) 

Fig. 7. Subcrustal ( p) and crustal (6) partial thinning factors for the three rifting stages adopted. 
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(Carmignani et al., 1989). In the upper margin, the 
basement subsidence was only partly compensated 
by sedimentation and the basin floor deepened to 
800-1000 m in accordance with the transgressive 
trend detected in the Tortonian deposits (ODP Site 
654). The continuity of the basin was interrupted by 
a prominent morphological high, the Baronie ridge, 
for which our model predicts a limited emersion 
above sea-level. Further to the southeast, in the 
future lower margin, only little sediment was de- 
posited and water depths are of about 300-400 m at 
the most with large areas emerging above sea-level 
(Fig. 8). 

During the Messinian rifting stage (from 7 to 5 
Ma) the site of strongest thinning shifted to the 
southeast and was located at the middle margin (Fig. 
7). Crustal thinning factors for this stage are higher 
than during the previous step and reach a maximum 
value of 1.35 at 1 lo-120 km from the northwest end 
of the profile. The thinning factors then decrease on 
both sides with a distribution quite symmetrical with 
respect to the peak values. The average thinning 
factor across the whole basin is 1.18 (Table 2) for 
the crust and 1.63 for the subcrustal layer. Subcrustal 
lithospheric thinning factors (Fig. 7) are still substan- 
tially higher than for the previous time step but the 
ratio between the two is now decreasing. Neglecting 
the two relative peaks at 80 and 170 km, the thinning 
factors along the transect show a broad maximum 
between 90 and 160 km and then symmetrically 
decreasing values to the sides. The maximum of the 
subcrustal and crustal thinning factors roughly coin- 
cide. 

As a response to the thinning factors distribution, 
the axis of subsidence was located at this stage in the 
middle margin leading to the formation of the Cor- 
naglia sedimentary basin. The pre-rift basement 

Table 2 
Crustal thinning factors 

reached depths of lOOO-- 1200 m below the reference 
level (present-day sea-level) at 5 Ma (Figs. 8 and 9). 
Thick sedimentary successions were deposited in this 
time frame in the Comaglia basin; the upper mor- 
phology of the basin was quite smooth and at 5 Ma 
was lying approximately 1000 m below the reference 
level (dashed line in Fig. 8). At the same time, the 
pre-rift basement of the Central Fault area (site D in 
Fig. 9) and of the Baronie ridge, at the northwestern 
end of the profile (Fig. S), was undergoing slight 
uplift as a direct consequence of the persisting 
strength of the Sardinian lithosphere during rifting. 
The Baronie ridge remained a prominent morpholog- 
ical feature and in times of very low sea-level it must 
have reached elevations of several hundred metres 
above the surrounding sea and, possibly, thereby 
interrupting the connections between the Sardinian 
continent and Baronie basin from the Comaglia basin. 
In the southeastern part of the transect, only limited 
basement subsidence was taking place (Figs. 8 and 
9). The water depths across the whole future margin 
were highly variable because of the repeated inter- 
ruption of the connection with the Atlantic Ocean 
(Cita et al., 1990). Similarly to the other Mediter- 
ranean basins, the salinity crises and the desiccation 
events of the Tyrrhenian basin were repeated at 
different times, contemporaneous with the Messinian 
subsidence, allowing for the deposition of thick 
evaporitic sequences. 

During the Early to Middle Pliocene, rifting con- 
tinued but the site of strongest thinning was located 
on the lower margin, i.e. close to the site of oceanic 
crust formation in the Late Pliocene. The highest 
crustal thinning factors derived from the model reach 
values up to 3 and are found in a 30-40-km-wide 
zone at the southeastern end of the profile (Fig. 7). 
However, thinning was by no means confined to this 

Phase Time 
interval 
(Ma) 

Mean 
s u. 
margin 

Mean 
S m. 
margin 

Mean 
6 I. 
margin 

Mean 
6 

Cumulative 
6 

3 5-3 1.14 1.81 2.89 1.95 2.57 
2 7-5 I.10 1.29 1.17 I.18 I .32 
I 9-7 1.15 I.14 1.07 I.12 I.12 
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zone and must have affected also the middle margin. 
The average crustal thinning is at this stage about 
1.95, i.e. substantially higher than the previous ones. 
Similarly to the crustal ones, the subcrustal litho- 
spheric thinning factors (average = 1.64) show the 
highest values in correspondence to the future conti- 
nent-ocean transition (Fig. 7). Continuing a trend 
already seen for the previous time step, the differ- 
ence between the two factors for each box is further 
reduced and they practically coincide. A high heat 
flow associated with strong lithospheric thinning is 
reflected in the downward increase of automorphic 
chlorite at the expense of smectite and kaolinite 
observed at Site 652 (Charnley et al., 1990). 

Subsidence of the order of a few hundred metres 
is predicted for the upper margin where the Baronie 
ridge remained a prominent morphological feature, 

NW SE 

9Ma 
t”““““““““‘j 

but at 5 Ma was already below sea-level (Figs. 8 and 
9). The lower and, to a lesser extent, the middle 
margin were clearly subsiding and, at the end of 
rifting, the pre-rift basement of the middle to lower 
margin was located at ca. 3800-4000 m below the 
present-day sea-level. In contrast with the previous 
time steps, the areas flanking the site of maximum 
extension, also underwent subsidence. This is possi- 
bly a consequence of the very strong lithospheric 
thinning which dramatically heated the lithosphere 
and thereby caused a decrease of its effective elastic 
thickness (from 15-20 km in the Messinian to 10 km 
in the Early Pliocene, with a minimum of 5 km in 
the lower margin; Spadini et al., 1995). Sedimenta- 
tion did not keep pace with the basement subsidence 
and the basin floor substantially deepened. This was 
obviously particularly relevant for the lower margin 

NW 

3 Ma (end of rifting) 

SE 

dieta& (km) distance (km) 

OMa 

t”““““““““‘j 

100 
distance (km) 

Fig. 8. Basement and basin topography for different time slices of the modelled evolution. Dashed line is the reference for the present-day 
sea-level; dark grey = pre-rift basement; light grey = syn-rift and post-rift sedimentary sequences. 
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where the water-sediment interface moved from a 
depth of ca. 800 m at 5 Ma to about 3000 m 2 m.y. 
later. 

4.3. Post-rift stage 

At the end of rifting, the morphology of the 
margin was quite similar to the present-day situation 
followed by basinwide deepening during the post-rift 
phase (Fig. 8). The mode1 predicts a basement subsi- 
dence of up to 500 m for the lower margin, with 
lesser values for the middle and upper parts of the 

N 
8 6 4 2 0 8 6 4 2 0 

time (Ma) time (Ma) time (Ma) 

A B 

margin. The deposition of the thin Upper Pliocene- 
Quaternary sequence implies an increase in water 
depths not larger than 200-300 m. 

We are aware of the fact that this is in contrast to 
some analyses of benthic foraminifera which suggest 
a deepening of the margin from 1500 m (ODP Site 
654) to 2500 m (ODP Site 652) for the last three 
million years (Hasegawa et al., 1990). However, the 
post-rift subsidence estimate given by the model is 
very robust and even assuming a break-up at 4 Ma, 
and thereby increasing by 25% the post-rift duration, 
the deepening is no more than 500 m (Fig. 10). 

D d 

0 

8 

B 

g 
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Fig. 9. Subsidence patterns for different locations alon g the analysed transect. Cmstal thinning factors versus time are also shown for the 
same sites. Note that slowing down of subsidence (sites A, 5) and uplift trends (site D) are predicted for a tune interval (7-S Ma) 
characterised by acceleration of thinning (indicated by shaded bars). The apparent paradox can be explained taking into account the flank 
uplift flexural effect (see discussion in the text). 
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5. Basin depth before and after the Messinian 
salinity crisis 

DSDP Leg 13 and ODP Leg 107, supplemented 
by more than twenty years of seismic investigations, 
demonstrated that large parts of the Tyrrhenian basin 
floor are underlain by an up to 900-m-thick sequence 
of evaporites of Messinian age interpreted by Hsii et 
al. (1973) as shallow-water sediments deposited in 
basins lying at least 2 km below the level of the 
Atlantic prior to the onset of the salinity crisis. This 
gave rise to a long-standing debate mostly concem- 
ing the sedimentary processes which led to the depo- 
sition of the evaporites, and the configuration of the 
basin immediately before and after the salinity crisis 
(e.g., Cita, 1991). While there seems to be a general 
consensus that the evaporites were deposited under 
shallow-water conditions, this does not appear to be 
the case for the depth of the basin floor with respect 
to the surrounding areas. According to Ryan and Cita 
(19781, the western and eastern Mediterranean im- 
mediately before the onset of the Messinian crisis 
were at a depth of few kilometres below the sur- 
rounding continental areas. Admittedly, “the most 
compelling arguments for postulating deep Mediter- 
ranean basins were the awareness the bimodal depth 
distribution between continents and oceans, and the 
appreciation the depth of the oceanic crust is related 

NW 

to its age” (Ryan and Cita, 1978, p. 194). While this 
line of reasoning is correct for most of the Mediter- 
ranean basins, it cannot hold for the Tyrrhenian basin 
which during the Messinian was still underlain by 
continental crust. 

Our numerical model provides constraints on the 
position of the basement and of top of the sediments 
with respect to the present-day reference level, 
roughly corresponding to the surrounding continental 
areas. This gives an estimate of the maximum height 
of the water column that must have repeatedly evap- 
orated in order to form the evaporitic sequence. 
Provided that rifting was the main tectonic process 
which led to the formation of the Tyrrhenian oceanic 
crust throughout the history of the rifted margin, the 
depths of the top of the pre-rift basement and, there- 
fore, of the top of the syn-rift succession can vary 
only within a limited range of values. At 7 Ma, i.e., 
immediately before the onset of the Messinian salin- 
ity crisis, the western part of the Tyrrhenian basin 
covered by our profile was characterised by a trough 
located a few tens of kilometres southeast of onland 
Sardinia with the top of pre-Messinian succession 
lying ca. 1 km below the present-day sea-level. The 
basin floor was rapidly shallowing towards the 
northwest and, more gently, towards the southeast, 
reaching depths of a few hundred metres (Fig. 8). In 
the southeasternmost 60 km of the profile, large 

I 
100 

distance (km) 

Fig. 10. Predicted stratigraphy for a 4Ma post-rift phase. Post-rift sedimentary unit in black. Considering a longer post-rift phase (break-up 
at 4 Ma) we obtain a surplus of post-rift sediments in comparison to the observed record (Fig. 2). In order to obtain a good fit with the 
observed stratigraphy the water depth at the end of rifting can be decreased: in this case the predicted deepening of the basin during the 
post-rift phase reaches values around 400-500 m. BB = Baronie basin, BR = Baronie ridge, CB = Comaglia basin, CF = Central Fault. 
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areas were above the reference level. At 5 Ma, that is 
after the end of the salinity crisis, the morphology of 
the basin changed quite drastically resulting in a 
much more regular shape. With the exception of the 
Baronie ridge to the northwest and of two prominent 
highs in the southeast, most of the top of the 
Messinian sequence was lying approximately 1000 
m below the reference level. The Baronie basin, at 
the northwest end of the profile, was at a depth of ca. 
700 m below the same level (Fig. 8). Our numerical 
model, therefore, predicts a sediment-water interface 
quite stable in elevation from 7 to 5 Ma, usually 
lying up to 1000 m below the present-day sea-level. 
Accepting the estimates given by Ryan and Cita 
(1978) of > 2 km for the depths of the Balearic 
ocean and for the Eastern Mediterranean, we con- 
clude that the Tyrrhenian basin floor, during the 
Messinian, was lying at least 1 km higher than the 
surrounding Mediterranean basins. To cross-check 
this conclusion, we modelled the heat-flow pattern 
predicted for a scenario where the basin floor reached 
a depth of more than 2000 m at the beginning of the 
salinity crisis. To achieve this, we concentrate the 
entire lithospheric thinning and the basement subsi- 
dence of the Tyrrhenian during the Tortonian, the 
model can accomplish for a Messinian sea-level 
fluctuation of > 2000 m. The heat-flow at 0 Ma for 
such a scenario (Fig. 11) shows a misfit of about 20 
mW/m* between the predicted values and the ob- 
served one. A strong thinning phase during the Early 
Pliocene (Fig. 7) as adopted in our model predicts, 
conversely, a heat-flow signature in a very good 
agreement with the observations (Fig. 11). We con- 
clude therefore that the substantial deepening of the 
basin floor occurred after the end of the salinity 
crisis beginning with the earliest Pliocene. After 5 
Ma, with the concentration of extension in the lower 
margin, strong subsidence affected the already 
thinned continental crust of the Tyrrhenian basin and 
the whole margin approached the present-day depths. 

6. Conclusions 

The east Sardinia margin, like many other rifted 
margins, is characterised by a complex subsidence 
pattern changing through time. At one time step, 
different segments of the future margin were under- 

0 40 a0 120 160 2-m 

Distance (km) 

Fi g. I I. Predicted heat-flow trends across the margin for two 
different scenarios of lithospheric thinning. A = 6 m.y. of rifting 
with a strong Early Pliocene thinning event concentrated in the 
lower margin (Fig. 6); this produced the tectonic evolution shown 
in Fig. 7; B = concentration of lithospheric thinning during the 
Tortonian, producing a deep basin before the Messinian desicca- 
tion event (2000 m of sea-level fluctuation). Comparison with the 
observed heat-flow trend (Hutchinson et al., 1985) is also shown. 
See text for discussion. 

going vertical movements differing in absolute value 
and, possibly, even in sign (Fig. 9). The general 
pattern of the Sardinia margin for a given time 
interval was given by a few tens of kilometres wide 
zone of strong thinning and subsidence, flanked by 
areas which, despite the ongoing thinning, experi- 
enced much more limited subsidence or even uplift. 
This pattern is evident for the Messinian when the 
flank uplift, located at both sides of the Comaglia 
basin, is not obliterated by a strong thinning-related 
subsidence (shaded bar of Fig. 9). The modelling 
shows that these differing movements are not fortu- 
itous but are both expression of the same rifting 
process affecting a lithosphere which preserved part 
of its strength during extension. As a consequence, a 
dynamic link between the various segments of the 
margin is established and changing loads are com- 
pensated in a regional fashion. Because of the deep 
depth of necking (Spadini et al., 1995), the regions 
to the sides of the most strongly thinning regions 
experience more limited subsidence or even uplift. 
This has obviously profound consequences on the 
shape of the sedimentary bodies deposited. Flexural 
uplift, as a result of lithospheric necking. was pro- 
posed for vertical motion at rift flanks by Braun and 
Beaumont (1989) and Weissel and Kamer (1989). 
Our analysis highlights the importance of this phe- 
nomenon within the basin: if the rifting is di- 
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achronous, i.e., the site of maximum thinning is 
migrating, the flank uplift is also migrating and these 
effects are superimposed on the overall subsidence 
of the margin. 
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