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ABSTRACT The Mediterranean Sea area is an important region of the world and the knowledge of
its characteristics is crucial not only for scientific but also industrial purposes, like guiding
companies towards an optimal exploitation of the available resources in the area. Over
the years, many research institutions, as well as private companies, have performed
seismic campaigns aimed at inferring the characteristics and principal features of the
crust in this region. By analysing the scientific literature on the area, many data sets,
in the form of maps, interpreted seismic profiles or scattered data, that model small
regions of the Mediterranean Sea area, mainly in terms of depths of geological horizons,
can easily be retrieved. What is actually hard to find is comprehensive information on
the entire Mediterranean Sea area. In this framework, the principal purpose of this
work is to exploit all data sets, retrievable in literature, that model the main geological
horizons of various parts of the Mediterranean Sea area and combine them with the aim
of obtaining a full 3D model covering the whole region. The idea is to build a 3D model,
completed by the density and magnetic susceptibility distributions, and an estimate of
its accuracy.

Key words: Mediterranean Sea, geophysical data combination, 3D crustal model, gravity field analysis,
magnetic field analysis.

1. Introduction

The Mediterranean Sea is made up of several basins characterised by different morphologies,
crustal types and ages. This complex setting has been produced by tectonic movements, related
to the convergence of the African and Eurasian plates, which occurred over the past millions of
years and is still currently active. For example, the basins of the eastern Mediterranean contain
traces of a slow continental subduction process of the African plate below the Eurasian (Le
Pichon and Angelier, 1979), while the Calabro-Sicilian arc displacement towards SE led to the
formation of the Tyrrhenian Sea, characterised by the presence of oceanic crust (Savelli and
Ligi, 2017). The western Mediterranean oceanic basin was formed following the separation of
the Corsica-Sardinia arc from Europe (Gueguen et al., 1998). A significant consequence of the
collision between the African and European plates was the reduction of water inflows into the
Mediterranean Sea in the Late Miocene, leading to the geological event generally referred to
as the Messinian salinity crisis (Krijgsman et al., 1999). A consequence of such reduced inflows
was, in fact, an unbalanced evaporation process, which led to the formation of salt deposits of
different thicknesses in the deep basins in the entire Mediterranean region (Hsu et al., 1973;
Sonnenfeld, 1985; Lofi, 2018). The subsequent halokinetic tectonic movements produced
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salt structures reaching up to 3 km in thickness. Over the years, many geophysical campaigns
have been conducted in the Mediterranean Sea region to unveil the wide variety of basins and
morphological units (of different ages and with different features) to better understand the
geological evolution processes. Oil companies, for example, with their interest in exploring and
exploiting natural resources, have performed various seismic campaigns with the purpose of
investigating deep structures to retrieve new potential reservoirs.

In literature, it is possible to retrieve a large amount of various information about the
Mediterranean Sea, ranging from interpreted seismic profiles (e.g. Ben-Avraham et al., 2002;
Finetti, 2003; Makris and Yegorova, 2006; Longacre et al., 2007; Feld et al., 2017; d’Acremont et
al., 2020; Bellucci et al., 2021) to local maps on sediments, such as Messinian evaporites (e.g.
Carton et al., 2009; Glines et al., 2018), as well as regional models on the basement and Moho
(e.g. Fullea et al., 2021; Gard and Hasterok, 2021). The fairly scant information on the entire
Mediterranean region consists of the maps developed within the International Bathymetric
Chart of the Mediterranean (IBCM), an intergovernmental project in which, apart from the
depth maps of the shallower layers (e.g. the thickness of the Plio-Quaternary sediments),
regional gravity and magnetic maps (IOC, 1981) are also available. What is missing in the
reference literature is complete information on deeper layers up to the Moho, expressed not
only in terms of surfaces, but also in terms of density distribution or magnetic properties of
the crustal layer. In this framework, the scope of this work is to provide a full 3D model of
the principal geological horizons (corresponding to the crustal density discontinuity surfaces),
densities and susceptibilities, which would represent a significant update and improvement of
the IBCM products. The objective is to collect all freely available information in the form of
interpreted seismic profiles, well logs, local maps and geological characterisations of the main
units, and combine them to obtain a homogeneous 3D model. Starting from the analysis of the
scientific documents, once the main layers to be modelled have been defined, the literature
research focused on retrieving as much information as possible on them and, then, we applied
an interpolation by means of kriging to merge all the data together. In this way, the kriging
interpolation has provided not only the prediction of our modelled horizons on a regular grid
given a set of sparse points, but it has also enabled estimating the prediction error, which can
be useful to evaluate the expected reliability of the 3D model for future applications. In other
words, the prediction error can be considered an estimate of the confidence of the results and
it is basically the uncertainty, expressed as a standard deviation that can be associated to the
interpolation result. The Mediterranean area is modelled as a 3D volume composed of voxels
with a spatial resolution of approximately 15 km x 15 km and a vertical resolution of about 300
m up to a depth of 45 km. In the next sections, the data used to estimate the depths of the main
geological horizons of our model will be presented together with information on density and
magnetic susceptibility. Ultimately, the resulting 3D model will be discussed with an analysis
of the most accurate gravity and magnetic observations over the area to draw preliminary
considerations on the modelled crustal features.

2. Geological layers

All data on the geological units of the Mediterranean Sea, including interpreted seismic
profiles and compiled maps, freely available in literature, were collected in this work. These data
have been used to produce the 2D depth maps of the main geological layers, corresponding
to the crustal density discontinuity horizons such as, for example, the topography/bathymetry,
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the base of Plio-Quaternary sediments and Messinian evaporites, the basement, and Moho.
Next, the Curie isotherm depth, the reference surface below which the materials are no longer
magnetised, has also been investigated and modelled. All the modelled layers are shown in Fig.
1 together with the estimate of their corresponding accuracy. A description of the data used for
each single horizon is presented in the following.

The bathymetry depth has been retrieved from the Etopol model (Amante and Eakins, 2009).
Considering that this layer is currently known with a high level of accuracy, its geometries have
been considered exact, meaning that its uncertainty was assumed to be equal to zero. Even if
this is not entirely true, it is justified by the fact that at the chosen spatial and vertical resolutions
of about 15 km and 300 m, used for our modelling, it is certainly the best known layer and
it is realistic to presume its uncertainty to be negligible, its error being at least one order of
magnitude smaller than the model resolution (Sun et al., 2021).

The depth of the bottom of the Plio-Quaternary sediments has been obtained by summing
the Plio-Quaternary sediment thickness (derived from Capponi et al., 2020), which was
estimated from a digitised version of the IBCM-PQ map (IOC, 1981) integrated with seismic
interpreted profiles, to the bathymetry map. Within Capponi et al. (2020), a formal accuracy
ranging between 100 and 200 m has also been estimated. This information is used to set the
corresponding uncertainty of our modelled layer at £150 m.

In order to model the subsequent geological horizon (i.e. the depth of the base of the
Messinian evaporates), the thickness of the evaporites taken from the regional map of Haq et al.
(2020) and the sparse thickness values, derived from the seismic profiles interpreted by de Voogd
et al. (1992), Ben-Avraham et al. (2002), Finetti (2003), Makris and Yegorova (2006), Longacre
et al. (2007), Feld et al. (2017), d’Acremont et al. (2020), and Bellucci et al. (2021), have been
merged together by means of a kriging interpolation (Wackernagel, 2003). Apart from the map
from Hagq et al. (2020), which covers the whole Mediterranean region, the seismic profiles used
to build the depth of the base of the Messinian evaporites are spread all over the Mediterranean
Sea, as shown in Fig. 2, and are mainly concentrated in the easternmost part.

Since all the data from the abovementioned literature were available only as published images,
the first step was to geo-reference and digitise them starting from the thickness map from Haq et
al. (2020), and, then, proceed with each seismic profile (i.e. all the profiles shown in Fig. 2), so as
to obtain the digitised version of the data set. The result of this operation is a thickness map and
a set of thickness values along the various profiles of the Messinian geological layer. Among the
used interpreted seismic profiles, not all of them were given as depths so, for those provided in
terms of two way travel times (TWT), the digitised map from Haq et al. (2020) - in particular its
corresponding values at the location of the interested profile - was used to determine the proper
conversion factor to convert from TWT to depths. At this point, the empirical variogram was
computed from the data and fitted with a Stable variogram function. Next, by applying ordinary
kriging (Wackernagel, 2003) to all the digitised data, the final grid of the Messinian thickness and
its corresponding error (i.e. the kriging prediction error) was obtained. Ultimately, to convert
this layer base from thickness to depth, the thickness considered must be summed to the depth
of the base of the Plio-Quaternary sediments. From the ordinary kriging interpolation, a relative
accuracy, ranging between +300 and +500 m, was obtained for this layer.

The deeper geological horizon is the basement, namely the boundary surface between the
Pre-Messinian sediments and the crystalline crust. A unique geological unit for the pre-Messinian
sediments was hypothesised due to the lack of detailed information about the different deep
sedimentary packs over several areas of the Mediterranean region. In fact, standard seismic
acquisitions do not reach the depths necessary to accurately see and model these layers and,
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Fig. 1 - Geological horizons (left column) and their corresponding accuracy (right column), in the following order:
bathymetry (a), base of Plio-Quaternary sediments (b), base of Messinian evaporites (c), basement (d), Curie isotherm
(e) and Moho (f).
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Fig. 2 - Interpreted seismic profile location used in addition to the map from Hagq et al. (2020), to produce the depth
map of the Messinian evaporites; different colours for the profile positions refer to different publications, according
to the legend.

consequently, only a few deep seismic profiles are available (and are not sufficient for a proper
detailed modelling of the whole Mediterranean). Moreover, the different pre-Messinian sediments
have very similar densities, thus making the definition of a clear boundary between them a difficult
task (Saleh, 2013). For all these reasons, the bottom of this layer, i.e. the basement (or top of
the crystalline crust), was directly modelled, exploiting the global sediment thickness model by
Straume et al. (2019). It was interpolated over our grid and, then, by summing it to the bathymetry,
the depth to the basement was retrieved. Since the source for this layer is a global model, and
given the absence of better refined information, a £3-kilometre uncertainty was assigned to this
horizon. This value corresponds to a relative error of about 20% in standard deviation (STD), larger
than the ones estimated for the shallower sediments and evaporites in the order of 10% in STD.

The Moho depth and its accuracy have been drawn from the European model by Grad et al.
(2009), and the model has simply been reinterpolated over our grid.

The last modelled horizon is the Curie isotherm, which is the surface identifying the Curie
Point depth, namely the theoretical surface with a temperature of approximately 580 °C that
can be considered the bottom of magnetic sources (above Curie temperature ferromagnetic
minerals are converted to paramagnetic minerals). The definition of a Curie depth map is not a
simple task, since no regional models are available in literature. Besides global models (Li et al.,
2017; Gard and Hasterok, 2021), that present large differences in the Mediterranean Sea area
(about 6 km in terms of STD) in any case, only a few local models are available, e.g. on the Iberian
peninsula (Andrés et al., 2018) or close to the Egyptian coastline (Elbarbary et al., 2018). For this
work, the Li et al. (2017) Curie isotherm was selected, but due to the large discrepancies with the
other models, it was assigned a high uncertainty of +7 km. The high uncertainty of this surface
finds confirmation in the comparison between the Li et al. (2017) model and the Curie isotherm
derived from the WINTERC-g model, where differences up to 23 km were retrieved (see the
two models in Fig. 3). A possible explanation of these large differences could be related to the
fact that the Curie Point depth estimation is generally performed by exploiting the relationship
between the spectrum of magnetic anomalies and magnetic source depth (Blakely, 1996),
without a proper modelling of the actual distribution of the real magnetic susceptibility. Looking
at the two models in Fig. 3, we note that the 6-kilometre uncertainty is very close to the actual
STD of the Curie isotherm undulation, thus confirming how poor the availability of knowledge
on this surface actually is.
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Fig. 3 - The Curie isotherm from Li et al. (2017) (A) and interpolated from the WINTERC-G model (B).

Atthis point, once allthe geological horizons have been setand defined, in orderto homogenise
the data, and with the idea of building a full 3D model, starting from the shallowest layers, we
adjusted the deeper horizons in order to avoid intersection between them. This procedure was
applied to avoid unrealistic scenarios, such as, for example, the Moho rising above the basement
or the basement rising above the bathymetry (events which would certainly never occur), that, in
principal, could have occurred due to the different sources used to model the layers in this work.
For the Curie isotherm, which in a few small areas was descending below the Moho (allowing, in
principle, to also obtain a magnetised mantle), we chose to modify it in such a way as to always
let it fall within the basement and Moho. In other words, in our modelling we assumed the crust
to be the only geological layer with magnetised/unmagnetised features. This choice is motivated
by the fact that the Curie isotherm is probably the most uncertain layer and that, by neglecting
the magnetised part of the upper mantle, it is admissible in a model on such a large scale.

3. Densities and magnetic susceptibility distributions

Inordertocompletethe 3D model, onceallthe geological layers have been defined, information
is needed on the density and magnetic susceptibility for each of the geological units that will be
used to assign a density/susceptibility value to all the voxels of the 3D volume of this work. A
simple method for obtaining such information consists in defining, for each layer, the principal
characteristics of the density and susceptibility models in terms of mean density/susceptibility
values and vertical gradients for density/susceptibility (in terms of density, the latter are useful to
simulate compaction processes). By also adding the STD, information about the accuracy of the
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model of this paper is provided. Table 1 shows the values used to model the density distribution
in the study area. In detail, standard mean density values, with null vertical gradients, and STD
values were used for the shallowest layers (water, Plio-Quaternary sediments, and Messinian
evaporites) to obtain reasonable density variations according to standard geological knowledge.
It is worth observing, assuming that our density/susceptibility distributions for each element of
our 3D volume are normally distributed with a mean given by the mean value and a variance
given by the square of the STD, that we can expect density/susceptibility variations in the range
of 3 STDs. For example, for the Plio-Quaternary sediments the density of our model can range
between 2,130 and 2,270 kg/m?3, a range consistent with the work by Montone and Mariucci
(2015). As the Messinian evaporites are mainly composed of gypsum and salt (Haq et al., 2020),
a mean density, equivalent to that of halite (Ellis and Singer, 2007), was set assuming variations
ranging between 2,128 and 2,212 kg/m3. In the pre-Messinian sediments, the mean value
was taken from the CRUST1.0 sedimentary layer (Laske et al., 2013), and a vertical gradient of
7 kg/m3/km was also introduced to simulate sediment compaction (with this gradient, vertical
density variations, from 2,400 kg/m?3, at zero level, to 2,520 kg/m3, at 17 km of depth, were
modelled). The range of variability for this unit of sediments was set in order to admit density
values equal to the maximum density of CRUST1.0. For the crystalline crust, given that large
variations in the density distribution (due to different crustal domains) are quite common,
especially in the complex Mediterranean area, the decision fell upon using a more refined
density model taken from Fullea et al. (2021), with spatial lateral variations having, in return, an
average density of 2,890 kg/m3. For the mantle, we used a density model from Hunt et al. (1995)
in which the average upper mantle density was approximately 3,321 kg/m?3. For both the crust
and upper mantle, the STD was set to 32 kg/m?, leading to their densities having a large range of
variability, approximately £100 kg/m?.

Table 1 - Average density, vertical linear gradient and accuracy values for each modelled geological layer.

Average Vertical density Density
Density [kg/m?3] gradient [kg/m3/km)] accuracy [kg/m?3]

Water 1,030 0 0

Plio-Quaternary 2,200 0 22.4
Messinian 2,170 0 14

Pre-Messinian 2,400 6 26.5
Crust 2,890* 6 32
Mantle 3,321* 0 32

* The crust and upper mantle density distributions are not uniform inside the layers but are variable, taken from Hunt
et al. (1995) and Fullea et al. (2021), respectively.

Table 2 shows the values used for the susceptibility distribution. Information on susceptibility
is not easy to retrieve and, when available, is characterised by considerably greater variability [see
the works of Telford et al. (1990), Mancinelli et al. (2015), and Lowrie and Fichtner (2020)]. Water
and evaporates are the only exceptions, as their susceptibility is well known. This is reflected
in our model where they were assigned a very low variability of -13x10° SI and -30x10°® SI.
For the Plio-Quaternary and pre-Messinian sediments, the mean susceptibility values and the
STD were selected based on the work of Hunt et al. (1995). With regards to the crystalline crust
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layer, the choice was made to use the very smooth model by Hemant and Maus (2005), with
very high uncertainty, in which susceptibility can range between extremely low values, around
0 Sl (typical for continental domains), and about 0.06 SI, generally associated with basaltic rocks
and gabbroids. For the upper mantle, being below the Curie isotherm, we obviously assumed
zero susceptibility. It is worth noting that, within the current work, we have not modelled the
remanent magnetisation, as we assumed that it would affect the magnetisation in particularly
localised areas and, in a large scale regional study such as this, these effects could be neglected.
This reasoning is also confirmed by the global-scale study by Hemant and Maus (2005) that
presents low remanent magnetisation values in the Mediterranean Sea.

Table 2 - Magnetic susceptibility average values, vertical linear gradient and accuracy for each modelled geological
layer.

Average Vertical susceptibility Susceptibility
Susceptibility[107 SI] gradient [10° SI /km] accuracy [kg/m?3]

Water -13 0 10
Plio-Quaternary 200 0 63
Messinian -30 0 10

Pre-Messinian 900 0 150

Crust 19,709* 0 11,662

Mantle 0 0 0

* The crustal susceptibility values are taken from Hemant and Maus (1995).

At this stage, by exploiting all this density and susceptibility information, it is possible to fill
the full 3D volume and build the equivalent density/susceptibility 3D distributions.

In Fig. 4, the 3D model is reported in terms of geological layers, density, and magnetic
susceptibility distributions. The volume is cut at latitude 36° N to show interesting details in
terms of density/susceptibility distributions. In particular, the first cube (Fig. 4A) represents
the geometries of our modelled horizons, where each label value corresponds to a geological
unit, i.e. 1 = water, 2 = Plio-Quaternary sediments, 3 = Messinian evaporites, 4 = pre-Messinian
sediments, 5 = magnetised crystalline crust, 6 = unmagnetised crystalline crust, 7 = upper
mantle. In the density distribution (Fig. 4B), the crust and upper mantle, where the horizontal
density variations are clearly visible, are highlighted. By observing the susceptibility distribution
(Fig. 4C), the crustresults to be the main magnetised geological layer and, within it, the differences
between the crustal oceanic domains (high magnetic susceptibility values) and continental
domains (low magnetic susceptibility values) can also be observed.

Fig. 5 shows an example of a profile that can be obtained from the resulting 3D volume.
In particular, the two sections show the density and magnetic susceptibility distributions,
respectively. It can be noted that, in correspondence of the central Mediterranean Sea (Speranza
et al., 2012), characterised by the oceanic crustal domain of the lonian basin, the density section
shows the typical thinning of oceanic crust due to a shallower Moho and high crustal density
values, whereas the increase of magnetisation is evident in the susceptibility section, that only
represents the magnetised part of the crust.
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Fig. 4 - Resulting 3D model of the
Mediterranean Sea expressed
in terms of geological layers (A),
density with unit (kg/m?) (B) and
magnetic susceptibility with unit
(107 SI) (C).

Once the 3D model of the area has been completely defined, we performed a harmonic
synthesis of the gravity observations from the XGM2019e model by Zingerle et al. (2020), by
exploiting the spherical harmonic coefficients up to the degree/order of 2,190, on a grid with the
same planar coordinates of our volume at an altitude of 1,500 m a.s.l. (to be outside the masses).
The maximum degree/order of the spherical harmonic coefficients (i.e. 2,190) was chosen to
have a gravity signal with a spatial resolution of the same order of magnitude as our modelled
volume, i.e. 15 km x 15 km (Fig. 6). Gravity disturbances were used, and the topography and
bathymetry effects, computed from Rexer et al. (2017), were removed from them in order to
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Fig. 5 - Example of two sections in terms of density (I1)
and magnetic susceptibility (lll) from the 3D model
of the Mediterranean Sea. Panel | is the bathymetry
map with the white line showing the location of the
displayed profile.
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Fig. 6 - Reduced gravity disturbance (A) and magnetic anomaly (B) observations, respectively from the XGM2019e
global gravity model and EMAG2v3 model.
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enhance signals due to deeper structures. It is worth recalling that gravity disturbance is defined
as the difference between the actual gravity at a given point and the normal gravity at the
same point [for further theoretical details, refer to Hofmann-Wellenhof and Moritz (2006) and
Barthelmes (2009)]. Since our model reaches a depth of 50 km, the gravitational effect of a
density distribution model between 50 and 300 km, drawn from the work of Fullea et al. (2021),
was also removed from the observations. The 300-kilometre depth for this further reduction
has been defined according to the works of Sampietro and Capponi (2019) and Sampietro et
al. (2023). An important remark should be made on the accuracy of the XGM2019e model and,
more in general, of these kinds of global models. This is a complex matter to evaluate as it mainly
depends on the availability of high resolution and accurate gravity data used to build the model
itself, as well as on the spectral characteristics of the local gravitational field. For the purposes
of this study, this problem was simplified by comparing the XGM2019e gravity disturbances with
ground data on the study area [available from the International Gravimetric Bureau by Drewes et
al. (2016)] and obtaining a STD for the differences of about 2.7 mGal. For this reason, the gravity
data was assumed to have an accuracy of 3 mGal.

As for the magnetic observations, the EMAG2v3 global magnetic anomaly map by Meyer et
al. (2017) was selected and interpolated on a grid with the same planar coordinates of the gravity
observations, at an altitude of 4,000 m a.s.l. The accuracy of the magnetic data is assumed to be
about 23 nT in terms of STD error, according to Sampietro et al. (2023) in which it was evaluated
by exploiting other independent data sets. Once the potential field observations were defined,
an attempt was made to evaluate the consistency of our 3D geological model with the observed
fields. Therefore, we applied the forward computation method, by computing the residuals both
in terms of gravity and magnetic anomaly, i.e. the differences between the observed signals and
the gravity and magnetic forwards of our 3D model (Fig. 7). By observing the gravity residuals, it
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can be noted that they are even larger than the observed signals (73 mGal vs. 69 mGal in terms
of STD) with negative values in the western Mediterranean Sea and positive values in the central-
eastern Mediterranean Sea. These differences can mainly be associated to mismodelling in the
crustal density distribution. By analysing these residuals, it is possible to actually infer where the
3D model is lacking mass or has a surplus of mass, thanks to the positive or negative sign of the
residuals, respectively. Similar observations can also be made for the magnetic field, where the
residuals are slightly higher than those in the observed field (STD of 51 nT vs. 58 nT). Again, in
this case the main effect is probably in the magnetic susceptibility of the crust, namely the layer
that principally affects the observed magnetic field.

5. Conclusions

The complex history of the Mediterranean Sea has led to the formation of several basins with
highly different characteristics. This has made the Mediterranean Sea one of the most interesting
areas to be studied, both for scientific and industrial purposes. Over the last decades, many data
have been collected and various regional/local studies have been carried out. The aim of this
work is to define a comprehensive data set of the main geological horizons, publicly available
to the community. For this reason, all the freely retrievable data sets on the Mediterranean
Sea were collected and integrated in order to obtain a homogeneous data set expressed as
depths of the principal geological horizons, corresponding to the crustal density discontinuity
surfaces. Moreover, we tried to define a full 3D model for the density and magnetic susceptibility
distributions by integrating the sparse information available on the geological characteristics of
the layers. A considerable effort was made to provide not only the data set and 3D model, but
also a quantitative evaluation of its expected accuracy, which is an extremely important piece of
information for a proper future use of the data and for the analysis of its reliability.

Ultimately, once the model was realised, we also performed a first check of the match between
the observed gravity and magnetic signals with the signals obtained by applying the forward
operator to our model. From the analysis of the residuals, in both cases the mismatch with the
observed field proved to be quite large, and in the most complex areas, there were features
that should have been modelled with more details, because they presented an excess or lack of
masses (in relation to gravity) or different magnetic sources. In the near future, the gravity and
magnetic data inversion would represent the following step required to improve and refine the
model, which integrates all the information freely available in literature, in order to obtain a result
that is not only realistic but also in agreement with the observed potential fields. This next step is
one of the objectives of the XORN project, funded by the European Space Agency, within which
the present work falls. However, the 3D model provided can be considered an improvement with
respect to the state of the art in the Mediterranean Sea and also represents a starting point for
other geophysical studies, on a regional and local scale. The 3D model presented in this work will
be freely made available to the community upon request to the authors.
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