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Abstract

Evaporites are typically described as impermeable seals that create some of the world's
highest reservoir pressures beneath the salt seal. However, several laboratory studies
demonstrate that evaporites can retain open pore spaces that hydraulically connect
the sediments above and below them in sedimentary basins. During the Messinian
Salinity Crisis (5.97-5.33 Ma), up to 2,400 m thickness of evaporites were rapidly
deposited in the Western Mediterranean, which may have generated high pore fluid
overpressure in the basin sediments. Here we use one-dimensional numerical model-
ling to quantify the temporal evolution of overpressure at two distinct locations of
the Western Mediterranean, the Liguro-Provencal and Algero-Balearic basins, from
the Miocene to Present. We reconstruct the sedimentation history of the basin, con-
sidering disequilibrium compaction as an overpressure mechanism and constraining
model parameters (such as permeability and porosity) using laboratory experiments
and the literature. In the Liguro-Provengal basin the highest overpressure of 11.2 MPa
occurs within the halite during deposition of Pliocene to Quaternary sediment, while
in the Algero-Balearic basin at the base of the Emile Baudot Escarpment, the high-
est overpressure of 3.1 MPa also occurs within the halite but during stage 3 of the
Messinian Salinity Crisis (5.55-5.33 Ma). In the Algero-Balearic basin an overpres-
sure of 3.1 MPa could have been sufficient to hydro fracture the sediments, which
agrees with the development of fluid escape features observed on seismic reflection
profiles. In general, our models with evaporite deposition rates above 20 m kyr_1 and
permeabilities below 1078 m?, suggest that high overpressure, approaching lithos-

tatic, can be generated in salt basins.
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Highlights

e Evaporites, despite their low permeability, have open pore spaces that can hydrau-
lically connect sediment.
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Salinity Crisis.

1 | INTRODUCTION

The Messinian Salinity Crisis (MSC) has been described as
an ecological crisis, generated by geodynamic and climate
drivers (Roveri et al., 2014) including processes from plate
convergence associated crustal deformation, mantle-resisted
slab dragging and tearing, to isostatic responses of salt loads,
possibly causing the Atlantic-Mediterranean gateway closure
(Capellaetal., 2020). The MSC led to the rapid sedimentation
of thick layers of halite and other evaporite minerals in the
Mediterranean. Evaporites are impermeable seals that create
some of the world's highest reservoir pressures beneath the
salt seal (Warren, 2016). However, several laboratory stud-
ies demonstrate that evaporites can have porosities of 0.5 to
<10% (e.g. Casas & Lowenstein, 1989; Krohn et al., 2015,
2017, this study) and that pore fluid flow with permeabilities
from 107" to < 107! m? can occur through them by cracks
and/or dilatancy of grain boundaries (e.g. Popp et al., 2001;
Urai et al., 2019; Zhang et al., 2020; this study). At basin
scale, this laboratory observation suggests that, despite their
low permeability, evaporites are able to transmit pore fluid
pressure through them. Hence, evaporite sedimentation can
potentially generate overpressure within the evaporites and in
the sediments below them, ultimately affecting the mechani-
cal properties and pore fluid flow of sediments during the
geological evolution of a basin.

This work contributes to the Marie Sklodowska Curie
Innovative Training Network ‘SALTGIANT’ which aims to
understand the Mediterranean Salt Giant, one of the largest salt
deposits on Earth (https://www.saltgiant-etn.com/). Here we
provide insights into the pore pressure evolution in the Western
Mediterranean (WM) basin, where up to 1,000 m of thick well-
preserved halite were deposited over a period of less than 50 kyr
during the MSC (Dal Cin et al., 2016). Fluid flow and overpres-
sure has been previously studied in WM sediments (e.g. Arab
et al., 2016; Bertoni & Cartwright, 2015), although the impact
of the overpressure on the hydrodynamics of the basin has pri-
marily been addressed in Pliocene to Pleistocene sediment or
areas (e.g., West Alboran Basin) where evaporites are absent
(e.g. Fernandez-Ibanez & Soto, 2017; Lafuerza et al., 2009;
Revil et al., 1999). Previous studies in the WM show that over-
pressure associated with the presence of methane gas can exist
in unconsolidated shallow sediment (depths <350 m below
seabed), with fluid overpressure observed to return towards

e Halite permeability lower than 107"% m

% can cause overpressure within Messinian

e In the Western Mediterranean, rapid evaporite loading during the Messinian
Salinity Crisis caused high overpressure.
e Overpressure-induced hydro fracturing of evaporites occurred during the Messinian

hydrostatic below the overpressure zones (e.g. in ODP Site 975;
Revil et al., 1999). At these shallow depths, the likely cause of
overpressure is in-situ microbial degradation of organic matter
that generate free gas, gas exsolution during sea-level lowering
and disequilibrium compaction (Lafuerza et al., 2009; Revil
et al., 1999). In contrast, studies in the Eastern Mediterranean
(EM) basin have focused on fluid flow where evaporites are
present, in a remnant area of the Neo-Tethyan oceanic basin that
opened in the Early Mesozoic, and in an area known for being
a prolific gas province (e.g. Al-Balushi et al., 2016; Bertoni &
Cartwright, 2015; Eruteya et al., 2015). Focused dominantly
on pipe structures in the Levant Basin, Eruteya et al., (2015)
proposed their formation from (a) dissolution of Messinian
evaporites (western group pipes) that predates deformation of
the overburden, and (b) differential loading during late Pliocene
deformation that elevated pressure within MSC evaporites
(eastern group pipes). Other modelling on the petroleum sys-
tem of the Levant Basin also suggest that both instantaneous
drop in sea-level and evaporite loading impacted subsurface
pressures (Al-Balushi et al., 2016). Quantification of overpres-
sure from basin inception to present day and estimates of over-
pressure magnitude triggering fluid expulsion events during the
Messinian has not been the dominant focus of previous studies
in the WM. We use numerical modelling to quantify and assess
the time evolution and role of pore fluid overpressure in two
WM basins, the Liguro-Provencal and Algero-Balearic basins
(Figure 1). We propose that in the WM evaporite deposition
during the MSC caused high overpressure that likely contin-
ues to exist within the MSC evaporites and pre-Messinian
sediments, and may explain some of the fluid escape features
observed on seismic data.

2 | GEOLOGICAL SETTING
2.1 | Evolution of the Western
Mediterranean

During the Late Cretaceous, convergence of the African and
Eurasian plates commenced (Olivet, 1996), with conver-
gence of plate boundaries between the northern margin of the
African plate and the Iberian Peninsula from the Late Eocene
to Early Oligocene (ca. 35-30 Ma) (Jolivet et al., 2000).
Following subduction of the Tethyan oceanic lithosphere and
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FIGURE 1

Tectonic and geographic setting of the study area. (a) Map of the Western Mediterranean (black box in b)) showing the location

of seismic profiles including those used in this study (dark grey lines), modified and smoothed distribution of evaporite thickness taken from Haq
et al. (2020), Emile Baudot Escarpment (EBE) and North Balearic Fracture Zone (NBFZ) taken from Dal Cin et al. (2016; dashed black lines),
Arlesian Fracture Zone (ArFZ) and Catalan Fracture Zone (CFZ) taken from Maillard et al. (2003), boundary of oceanic crust taken from Sabat
et al. (2018; dashed dark green lines), and bathymetric contours (light grey lines) from the European Marine Observation and Data Network

(EMODnet; https://portal.emodnet-bathymetry.eu/). The extent of the oceanic crust and NBFZ are used in this study to separate basin boundaries.

Black squares indicate the location of 1-D overpressure models. Green star shows the location of possible evaporite diagenesis and a fluid flow

feature from Bertoni and Cartwright (2015). Green hatched area indicates a salt diapir province and piercement at seabed, taken from seismic

profiles and bathymetric data from the National Oceanic and Atmospheric Administration (NOAA; https://maps.ngdc.noaa.gov/viewers/bathy

metry/), and diapirism upper limit taken from Maillard et al. (2003; dashed green line). (b) Location of Messinian evaporite samples evaluated in

this study

roll-back of the Apennines-Maghrebides subducting plate
towards the north-east, south-east and south, extensional
tectonics commenced in back-arc basins around the Eocene
to Oligocene boundary (ca. 34 Ma; Carminati et al., 2012).
The roll-back created microplate movements in the WM,
developing a clockwise rotation of the Balearic promontory
relative to Iberia that opened the Valencia Trough, and a
counter-clockwise rotation of Corsica and Sardinia relative
to Eurasia, leading to rifting of the Balearic and Ligurian ex-
tensional centres (Schettino and Turco, 2006).

The Liguro-Provencal basin comprises present day areas
of the Gulf of Lion, Ligurian Sea and Mediterranean Sea be-
tween Corsica and Sardinia to the east of Menorca (Carminati
et al., 2012). Continental rifting commenced during the latest
Eocene to Early Oligocene with active extension in the oce-
anic portion of the basin continuing until the late Aquitanian

to late Burdigalian (ca. 21-16 Ma) (Carminati et al., 2012).
The origin and age of the Algerian basin is poorly con-
strained, with ages from about 25—10 Ma proposed (Carminati
etal., 2012). One proposal for tectonic evolution of the area is
extension terminating in the Liguro-Provencal basin and be-
ginning in the Algerian basin during the Langhian (Mauffret
etal., 2004), supported by Alger-1 well chronostratigraphy on
the Algerian margin (Burollet et al., 1978). For all WM ba-
sins (excluding the Tyrrhenian basin), basin extension ended
by the Late Serravallian to Tortonian (Jolivet et al., 2006).
The onset of the MSC in the Mediterranean basin at
5.97 Ma (CIESM, 2008; Roveri et al., 2014) was initiated by
tectonic and glacio-eustatic processes progressively isolating
the Mediterranean Sea from the world ocean. During this pe-
riod, basin water volume decreased, partial desiccation oc-
curred and evaporite minerals were precipitated (Krijgsman
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et al., 1999; Lozar et al., 2018). MSC events of the Late
Miocene are grouped into three stages: Stage 1 (5.97-5.6 Ma)
is the first evaporitic stage; Stage 2 (5.6-5.55 Ma) includes
the peak of the crisis and evaporite precipitation in deep de-
pocentres (Roveri et al., 2014); and Stage 3 (5.55-5.33 Ma)
is the final evaporitic stage and Zanclean flooding (5.33 Ma)
— the end of the MSC and return to marine conditions in the
Mediterranean basin (Roveri et al., 2014). Since the Pliocene,
the WM basin is reconnected to the world ocean through the
strait of Gibraltar (Jolivet et al., 2006). During deposition
of Messinian and post-Messinian sediment in the Liguro-
Provengal basin, gravity sliding, and sediment deformation
occurs in the deep basin, caused by differential compaction
of overburden in areas of basement structures (Maillard
et al.,, 2003). In the Algero-Balearic basin, gravity sliding
and deformation also occur in the deep basin from the late
Tortonian to present, coincident with tectonic compression/
uplift on the Algerian margin (Mourad et al., 2014).

IAS EAGE

2.2 | Stratigraphic framework

Depositional environments and stratigraphic lithologies of
the WM have been established using borehole, outcrop and
seismic facies analysis, with limited stratigraphic correlation
between onshore successions and deep offshore basins (e.g.
Driussi et al., 2015). The stratigraphic framework includes
Oligocene to Miocene pre-Messinian successions, the three
stage stratigraphic model for the Messinian, followed by
Pliocene to Quaternary successions.

The Oligocene to Miocene deposits show significant fa-
cies variability from continental to brackish to marine envi-
ronments (Cherchi et al., 2008). In the Gulf of Lion margin,
drilled successions comprise shallow-water limestone to
clastic deposits (Cherchi et al., 2008). Syn-rift Oligocene
to Miocene successions from the Sardinia graben comprise
similar lithologies of shallow-water limestones to clastics
and hemipelagic marlstone deposits, interbedded locally with
volcanic deposits, while post-rift Miocene successions com-
prise hemipelagic marly-silt with turbidite deposits (Cherchi
etal., 2008). In the WM, Oligocene to Miocene pre-Messinian
successions are characterized in general by transparent, non-
reflective acoustic facies (Carminati et al., 2012).

The first stage of the MSC from Sicily for instance, is
characterized by deposits of marine marlstone, alternating
with diatomites and evaporites of limestone, gypsum and
halite, interpreted as a deep peripheral basin (Krijgsman
et al., 1999; Roveri et al., 2014), while deep basins without
deep well calibration are inferred to contain deposits of or-
ganic shale and/or dolostone (Manzi et al., 2013). The sec-
ond stage follows widespread desiccation of the WM basin
and erosion in marginal basins, leading to deposition of pri-
mary halite, clastic deposits and resedimented evaporites in

deep basins (Manzi et al., 2013). The third stage is charac-
terized by variable evaporite deposition from primary evap-
oritic facies (selenite, laminar gypsum and halite cumulate)
to clastic evaporitic facies (gypsrudites, gypsarenites and
gypsum siltites), as well as fresh to brackish water deposits
of the Lago Mare event (Krijgsman & Meijer, 2008; Roveri
et al., 2014). From the Pliocene to Quaternary (P-Q), over-
burden sediments are dominated by deposition of marlstone
with variable amounts of claystone and siltstone, interca-
lated locally with sandstone and volcanic deposits (Burollet
et al., 1978; Hsii et al., 1978a, 1978b; Leroux et al., 2017;
Ryan et al., 1973a, 1973b). In the WM, the Lower Pliocene
successions are characterized by semi-transparent reflec-
tions, becoming more reflective in the Upper Pliocene to
Quaternary (Dal Cin et al., 2016).

In the deep basin of the WM, the MSC has also been de-
scribed as a trilogy of seismic units defined as the Lower
Unit (LU), Mobile Unit (MU) and Upper Unit (UU) (Roveri
et al., 2014). On seismic data, the LU is characterized in gen-
eral by high amplitude reflections, the MU is characterized
by transparent acoustic facies of halite, while the UU is char-
acterized by high amplitude reflectors of gypsum alternating
with transparent layers of halite (Roveri et al., 2014). The
stratigraphic model applied in this study integrates both these
seismic stratigraphic units and the three stages of the MSC;
Stage 1 corresponds to the Lower Unit (LU; 5.97-5.6 Ma),
Stage 2 to the Mobile Unit (MU; 5.6-5.55 Ma), and Stage 3
to the Upper Unit (UU; 5.55-5.33 Ma; Figure 2).

3 | DATA

3.1 | Boreholes, samples and seismic sections
To constrain the lithology of our modelled units, we re-
viewed seismic data and six boreholes in the WM. Lithology
for the pre-Messinian succession was determined using data
from boreholes Alger-1, on the Algerian shelf, and GLP-2,
on the Gulf of Lion mid-slope (Burollet et al., 1978; Leroux
et al., 2017). Late Miocene Messinian Upper Unit and the
Pliocene to Quaternary were determined using Deep Sea
Drilling Project (DSDP) Sites 122, 134, 371, 372 and Ocean
Drilling Program (ODP) Site 975 (Comas et al., 1996; Hsii
et al.,, 1978a, 1978b; Ryan et al., 1973a). Further details
of primary lithologies assigned to each modelled unit are
given in Section 4.3. A limited amount of geophysical log
and core-based physical property data were available from
offset wells GLP-2, (DSDP) Sites 371, 372 and (ODP) Site
975, with no data available in the basin-centre. Sonic log es-
timates of claystone porosity with depth were available from
GLP-2 (Leroux et al., 2017), with density data and poros-
ity estimates available at shallow depths for the Pliocene to
Quaternary in (DSDP) Sites 371, 372 and (ODP) Site 975
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the base of the Emile Baudot Escarpment) models. Images show the seismic stratigraphic units and lithology modelled on the left. Seismic line

locations are shown in Figure 1

(Hsii et al., 1978a, 1978b). Data for the IODP expeditions
can be accessed from Expedition Science Operators at (http://
web.iodp.tamu.edu/OVERVIEW/) and (https://mlp.ldeo.
columbia.edu/logdb/).

We used evaporite core samples in our laboratory ex-
periments to constrain some of the hydrogeological prop-
erties of evaporites in the Mediterranean and North Sea
basins, prior to lithology assignment of our modelled units.
Evaporite cores include Permian and Messinian Upper Unit
anhydrite (Boulby, UK and DSDP Site 371), Messinian
Upper Unit gypsum (DSDP Site 372 and Letymbou-E Let 1,
Cyprus), Messinian Mobile Unit equivalent halite and kainite
(Realmonte mine, Sicily) and Messinian Upper Unit polyha-
lite (DSDP Site 374). Lithological descriptions of the cores
are provided in Table 1.

Seismic profiles MS-39 and E12-SF 03 (Figure 3) were
examined to ascertain thicknesses of pre-salt, Messinian and
supra-salt units, and to identify locations where present-day
sediment thicknesses may represent the thickest deposition in
the ancient basin prior to any effects of lateral deformation,
essential to conform with our 1-D vertical fluid flow model-
ling assumption described in Section 4 Modelling approach.
The MS-39 multichannel seismic reflection data were ac-
quired by the Italian National Institute of Oceanography and
Experimental Geophysics (OGS) in 1972 as part of a re-
gional exploration project to understand the Mediterranean

tectono-stratigraphy and characterize crustal settings (Finetti
& Del Ben, 2005). The SALTFLU multichannel seismic re-
flection data (including profile E12-SF 03) were acquired
in 2012 to provide detailed pre- and post-stack time migra-
tion data and RMS velocity data over the continental slope,
particularly the Emile Baudot escarpment, and deformed
sequences of the Algero-Balearic abyssal plain (Wardell
et al., 2014). See Figures S1 and S2 for regionally extensive
and uninterpreted seismic profiles MS-39 and E12-SF 03.

We used well and seismic velocity data from the literature
and project company GALSI S.p.A to convert seismic time
thickness units to depth. 2D ultra-high resolution multichan-
nel seismic velocity data were available from GALSI S.p.A
providing high quality velocities for Pliocene to Quaternary
(P-Q) and MSC Stage 3 (Upper Unit) seismic units along the
GALSI (Gas Pipeline — Algeria via Sardinia to Italy) route
acquired from 2007 to 2008. Below the Upper Unit (UU),
seismic velocities are considered to be of poor quality. Refer
to Section 4.3 for information on velocities data used in this
study.

3.2 | Laboratory experiments

Seventeen sediment cores were used, and from each of these,
a total of twenty smaller core plugs were cored, and cut and
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their ends ground flat. This resulted in nineteen discrete sam-
ples for porosity and permeability determinations, and one
for X-ray CT-scan image analysis. Cores were selected to
represent a range of evaporite lithologies and avoid impuri-
ties (e.g. claystone), while core plugs were selected on tex-
ture variation and to avoid fractures where possible.

3.2.1 | Porosity and permeability
determination

A set of 1.1-2 cm height and 2.5 cm diameter cores sam-
ples were used for high pressure (17.2 and 1.38-4.83 MPa of
confining and pore pressure) permeability to helium and Hg-
injection porosimetry (Micromeritics AutoporeTM IV 9520
system) determinations at the University of Leeds. A second
set of ca. 2 cm height, 5 cm diameter samples were used for
absolute porosity estimates with helium pycnometer and ab-
solute permeability with N, at the National Oceanography
Centre (NOC) in Southampton. Further details of primary
lithologies assigned to each modelled unit are given in
Section 4.3.

Porosity and permeability were measured at room tem-
perature (ca. 20°C), at atmospheric pressure conditions
for porosity and under a minimum hydrostatic confining
pressure of 1.5 MPa for permeability to ensure rig seal-
ing during gas flow-through. The gas permeability to N,
was estimated using steady state flow (SSF) and pore

pressure transmission (PPT) methods (e.g. Falcon-Suarez
et al., 2017), depending on the sample permeability. For
all the samples, we first attempted to measure permeability
using the SSF, based on Darcy's law, the most widespread
method for high to moderate permeability media (above
107" m?). For those samples with permeability below 1077
m2, we used the PPT method instead, an alternative based
on transient states of the pore pressure. The PPT method
was proposed by Metwally and Sondergeld (2011) based on
the pulse decay method introduced by Brace et al. (1968),
which consists of inducing pore pressure disequilibria in
the rock and determining the permeability through the evo-
lution of pore pressure—time decay curves towards the orig-
inal steady state. For further details on the SSF and PPT
methods refer to, for example, Metwally and Sondergeld
(2011) and Fernandez-Ibanez and Soto (2017).

In all the permeability determinations, Klinkemberg's
correction was applied to correct the deviation result-
ing from slippage effect of the gas (Klinkenberg, 1941),
and transform the apparent permeability into absolute
permeability.

3.2.2 | Mercury injection porosimetry

The porosity of a selection of the core plug samples was
also analysed using mercury injection porosimetry with the
Micromeritics AutoporeTM IV 9520 system. This model
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has four low pressure ports and two high pressure cham-
bers. As mercury is a non-wetting fluid, the pressure must
build up before mercury intrudes into a certain pore size
and the interface crosses the throat between pore bod-
ies. The balance between internal and external forces or
pressures acting on an interface can be described by the
Young-Laplace equation. The samples are cut into suitable
size depending on their porosity and the penetrometer to
be used. Clean and dry samples, of known weight, are then
loaded into a penetrometer and evacuated. The penetrom-
eter is automatically backfilled with mercury. The pressure
is then increased to 25 psi (0.17 MPa) in the low pressure
port, and up to 60,000 psi (413 MPa) in the high pressure
chamber following pre-selected pressures. After reaching
each pressure increment the volume of mercury intruded
is recorded. Each penetrometer has been individually cali-
brated, therefore, the volume of mercury needed to fill the
penetrometer at ambient conditions is used to calculate the
bulk volume of the sample. The total volume of mercury
injected is recorded assuming that at 60,000 psi all the pore
volume has been filled. The grain volume is the difference
between the sample bulk volume and mercury injected
volume. Then the grain density can also be obtained. The
pore throat size distribution and other properties can be
calculated from this information (ASTM D4404-84, 2004).
If necessary, a manual volume conformance and other

corrections can be applied during data interpretation. All
results presented here have been conformance corrected.

3.2.3 | X-ray computed tomography

X-ray micro-CT (XCT) imaging was carried out on one halite
core plug to fully understand anomalous results of perme-
ability. To improve the signal to noise ratio, the core plug
was cored and cut down to a core size of 14 mm diameter
with 20 mm height. A scan image to 10.1 pm voxel resolu-
tion was achieved. The scan was conducted using a micro-
focus Custom Nikon HMX ST Scanner at the University of
Southampton (e.g. Callow et al., 2018). The settings used
on the HMX are as follows: a source to object of 40.4 mm,
source to detector of 797.9 mm, 200 kVp peak voltage, no
pre-filtration of the beam, 134 ms exposure time, 3,142 pro-
jections (2 frames per projection) and voxel size of 0.01 mm.

3.2.4 | Hydrogeological parameters of the
Mediterranean and North Sea basins

Tables 1 and S1 and Figure 4 show the results of permea-
bility and porosity measurements on 19 evaporite samples.
Although, the measured permeability range is wide (10 1o
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FIGURE 4 Physical property data compilation for evaporites. (a) Global permeability ranges of evaporites including this study's laboratory

results of permeability obtained for Permian and Miocene anhydrite, Miocene gypsum and fractured Miocene halite. Boundary of undisturbed/
undamaged subsurface halite <102 m? (Stormont, 1997; Warren, 2016) with disturbed halite permeability taken from Stormont, 1997. (b)
Permeability and connected porosity measurements for Miocene evaporites from this study. (c) Grain density and connected porosity measurements
for Miocene evaporites from this study. (d) X-ray computed tomographic scan undertaken on Miocene halite with 10 pm resolution, showing the
presence of fractures and isolated pore spaces (black areas)
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TABLE 2 Governing equations for the 1-D disequilibrium compaction as described by Marin-Moreno et al. (2013a, 2013b)

Equation
Equation Equation description number Notation
¢ = poexp [ o] Porosity change with vertical (€)) f = Stress compaction factor
effective stress y = Parameter controlling the change
o), =[o(p—p;)gdz—P* =P, — (P,+P*) =P, —P  Vertical effective stress ) in pe?rnea.t)ility with porosity
definition # = Viscosity
= Sediment densit
DL _ oD Time evolution in lithostatic 3) p = deciment Censiy
" ” ressure with sediment py= Fluid density
p . o'.. = Vertical effective stress
thickness ¢“ Porosit
. . ~ = y
= e _‘pf)g Depth compaction factor to 4) $, = Initial porosity at seabed
stress compaction factor conditions
conversion K = Permeability tensor
oy = ~Ev(r- £/82) Darcy's relationship 5) K., = Vertical permeability
8 ’ o
K, = St Vertical permeability definition  (6) k; = Permeability
“ H k;o = Initial permeability at seabed
k; = kgexp [r (¢* — 63)] Permeability versus porosity 7 conditions
relationship ¢ = Depth compaction factor
DP _ 1-¢ _ Dh Disequilibrium compaction 8 = Gravitational acceleration
o =V (dzﬂﬂng' \Y (P pfgz)) +087, q p ® 8 . :
model h = Sediment thickness

102 m?), most of the anhydrite sample permeability are
between 1077 and 107'® m* and have similar absolute po-
rosity of 2.4%-2.93% at hydrostatic confining pressure (P,)
of 1.5 MPa. The permeability of the anhydrite is stress de-
pendant, decreasing to ca. 10" m? when P. increases above
6.0 MPa. Two anhydrite samples show anomalously high per-
meability (about 107" m?), and absolute porosity (6.1% and
13.3%), likely caused by their irregular speckled outer sur-
face texture having prevented adequate rig sealing. The five
gypsum samples show similar permeabilities in the range of
107" to 107'® m? and connected porosity from 1.5% to 3.1%,
within the P, range 1.5-17.2 MPa, indicating low stress de-
pendence for both properties. In contrast, the three halite
samples of similar origin showed anomalously high perme-
ability of up to 107 m? at P, of 1.5 MPa, and high stress
dependence, as this value decreased to 107" m? at 17.2 MPa.
X-ray computed tomography on the halite shows the pres-
ence of fractures and isolated pore spaces (Figure 6). All
halite samples show low connected porosity of 1.0%—-2.0%.
Testing on the samples of kainite and polyhalite showed low
connected porosity of 0.5% and 3.6% respectively. We used
the results of dry density and porosity for gypsum and halite,
and permeability of gypsum as input parameters in our mod-
elling. The measured halite permeabilities were disregarded
from modelling as they are significantly lower than most

at seabed conditions

P = Total pore pressure
P* = Overpressure

P, = Lithostatic pressure
P, = Hydrostatic pressure
t = Time

v = Fluid velocity tensor
z = Depth

values reported in the literature (Figure 4), likely because of
pre-existing micro fracturing in the samples. Hence, undis-
turbed halite permeabilities from literature were used (e.g.
Beauheim et al. 1991; Brodsky, 1994). The measured anhy-
drite permeability and porosity results were also disregarded
from modelling, as anhydrite was considered unlikely across
our model areas. Further details on gypsum dehydration to
anhydrite results are provided in Section 5.

4 | MODELLING APPROACH

4.1 | 1-D disequilibrium compaction model

Pore fluid overpressure generation in our 1-D models consid-
ers brine as the only pore fluid and overpressure due to the
disequilibrium compaction mechanism. Sea level changes do
not affect overpressure in sediments saturated with a near in-
compressible fluid such as water (e.g. Liu & Flemings, 2009).
Hence, the >1,500 m sea level fall in the WM (e.g. Hsii
et al., 1977) is not considered here. Overpressure due to dis-
equilibrium compaction occurs by an imbalance between
increasing compressive stress and ability of the sediment to
expel fluid (Tingay et al., 2009). During slow burial (nor-
mal compaction) as vertical load increases, pore-volume
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decreases and pore fluid is expelled from the sediment al-
lowing an equilibrium between overburden and reducing
pore-volume to be maintained (Osborne & Swarbrick, 1997).
However, during rapid burial as vertical load increases, if
accompanied by fluid that cannot be expelled rapidly, part
of the load will be supported by the pore fluid resulting in
pore fluid pressure increasing above hydrostatic (a process
called disequilibrium compaction; for example, Osborne &
Swarbrick, 1997). The magnitude and time evolution of over-
pressure depends on the balance between sediment loading
and compressibility, pore fluid dissipation controlled by per-
meability, and drainage (dissipation) distance. Note that in
this work the porosity includes any type of connected void
such as intergranular pores or micro fractures along grain
boundaries. Based on seismic data interpretation, we apply
our 1-D models in areas with sufficient laterally extensive
horizontal layers and limited tectonic compression, so hori-
zontal fluid flow is assumed to be negligible. We account for
water viscosity and density changes with variations in tem-
perature, pore pressure and salinity.

The detailed description of the mathematical and numeri-
cal models are given in Marin-Moreno et al. (2013a, 2013b),
and here we only provide the main equations (Table 2). To de-
scribe the mechanical compaction of sediments we consider
that the change in porosity is a function of vertical effective

stress (Equation 1), where depth change is controlled by
Equation (2). The change in lithostatic pressure with time is
expressed in terms of sediment thickness / (Equation 3). The
stress compaction factor f in Equation (1) can be related to
the depth compaction factor (Sclater & Christie, 1980) using
Equation (4). Here we assume the empirical compaction fac-
tor f# is equivalent to the bulk compressibility of the saturated
sediment, as described by Hart et al. (1995). To describe fluid
flow, we use Darcy's relationship (Equations 5 and 6) and
assume that changes in permeability depend on changes in
porosity caused by changes in effective stress (Equation 7).
Finally, combining the above equations the disequilibrium
compaction model is given in Equation 8.

4.2 | Modelling strategy and scenarios

Our modelling strategy (Figure 5) commences with a set of
rock hydrogeological properties for each unit from labora-
tory experiments performed in this study and the literature
(Table 1 and Figure 4). We then run our 1-D disequilibrium
compaction model using these rock properties and estimates
of sedimentation rate from pre-compacted thickness and sed-
imentation time for each unit. Pre-compacted thicknesses are

determined applying a percentage increase above present-day

Input parameters for
each layer
Literature and Laboratory-based Seismic-based

Sedimentation time
Intrinsic permeability at seabed
Initial porosity at seabed
Fracture limit
Grain density
Seabed temperature
Thermal gradient
Initial compaction factor
Intrinsic permeability compressibility factor

Estim

Pre-compacted thicknesses

Present-day seismic depth thicknesses
Present-day seafloor depth

l

ated:

<

v

Apply 1D-Disequilibrium
compaction model

Re-check input parameters
Review uncertainty in input parameters, namely
Paleo-stratigraphic thickness, initial compaction

!

factor, intrinsic permeability compressibility factor

Comparison check

Compare output thickn
model with present-day

Thicknesses within Thickne

a tolerance

Output results
Pore pressure, bulk density, porosity,
compressibility, permeability

FIGURE 5 Modelling workflow. See text for detailed description

esses from compaction
stratigraphic thicknesses

}
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TABLE 3 Non-default physical
property parameters used in uncertainty
analysis of each model or sensitivity

analysis of additional scenarios Property

Compressible initial
porosities at seabed
Fracture limit

Heat flow

Permeability at seabed

Permeability at seabed

Thermal conductivity

Thermal conductivity

thicknesses estimated from seismic data. If the present-day
modelled compacted thicknesses and present-day seismic-
derived thicknesses are similar, within a 5% tolerance, we
assume the calculated present-day pore pressure, bulk den-
sity, porosity, compressibility and permeability depth profiles
represent those in-situ. Otherwise, we re-evaluate input pa-
rameters, considering their inherent uncertainties, and re-run
the model until the observed and calculated thicknesses are
within tolerance. A corollary of this approach for model vali-
dation is the assumption that the hydrodynamic and compac-
tion history generated by the model represent those of our
study area.

For both the Liguro-Provencal basin and the Algero-
Balearic basin at the base of the Emile Baudot Escarpment,
our approach has been to model three scenarios incorpo-
rating low, most likely and high estimates of overpressure,
which cover the full range of possible variations in fracture
limit and permeability. Here we define the fracture limit as
the ratio of overpressure to vertical effective stress under
hydrostatic conditions, sometimes defined in the geoscience
literature as A*, above which vertical fractures can occur. To
represent changes in fluid flow due to the generation and
propagation of vertical fractures, on a numerical cell-by-cell
basis, we assume that once overpressure exceeds the fracture
limit the permeability increases by two orders of magnitude.
This increase in permeability is related to a threshold value
above which permeability does not influence our results (see
Section 5 for further discussion). In areas without significant
tectonic compression and with sufficiently extensive hor-
izontal strata, the major principal stress is vertical and the
intermediate and minor stresses are in the horizontal plane.
Hence, here we assume that fractures propagate vertically and
open horizontally and with fracture limits of 0.8 + 0.1 (e.g.
Luo et al., 2017; Nikolinakou et al., 2014). In-situ fracture

Research =
1-D model
range
Dominant
Units lithology Low High Reference
% Halite 0.1 4.0 This study
Decimal All 0.7 0.9 This study
W/m? All 80 120 Carballo et al.
(2014)
m> Gypsum 107 107" This study
m? Halite 10 10 This study
W/m K/m Gypsum 1.0 1.3 Robertson &
Geological
Survey (U.S.)
(1988), Balkan
et al. (2017)
W/m K/m Marlstone 1.5 3.0 Erickson and Von

Herzen(1978)

pressure measurements (e.g. traditional and extended leak-off
test data) were only available from wells on the basin margin,
limiting our ability to constrain fracture limits in the deeper
basin-centre. As no data exists for the basin-centre halite, the
simplest model we could assume was a horizontal to vertical
effective stress ratio of 0.8, taken from initial stresses applied
in other modelling projects near a salt diapir under hydro-
static conditions (Nikolinakou et al., 2014). The relatively
high A* implicitly accounts for the additional overpressure
required to also overcome the tensile strength of the material.
As we apply 1D modelling, the magnitude of the two hori-
zontal stress components do not influence our results.

We positioned our Liguro- Provengal model in the south
of the basin between the North Balearic and Catalan trans-
verse fracture zones, an area also referred to in the literature
as the North Balearic Basin (Figure 1; black box) where un-
deformed to mildly deformed sediment on seismic data (e.g.
seismic profile SPBal-15 & SPBal-27) progressively deepens
from the North Balearic fracture zone towards the Gulf of
Lion (Maillard et al., 2003, 2020). In comparison, the Gulf
of Lion slope between the Catalan and Arlesian transverse
fracture zones (Figure 1) tilts towards the southeast with lis-
tric faults in the upslope, salt anticlines and translation in the
mid-slope and contraction and diapirs in the downslope area
(Maillard et al., 2003). An extensive region with relatively
undeformed sediment also exists on seismic reflection data
across the basin plain in the Gulf of Lion (Mianaekere &
Adam, 2020). To the east of our Liguro- Provencal model,
salt diapirs exist restricted to a northeast to southwest bound-
ary of the deep basin where steps in top basement reside
(Figure 1; Maillard et al., 2003). Two limitations of our
method for the WM are that it is only applicable for sedi-
ments that are relatively undeformed laterally and that we
do not account for the overprint in overpressure generated



il_w ILEY— Basin IAS|EAGE

15

DALE ET AL.

Velocity

Unit range (m/s) Remarks

Pliocene to
quaternary (P-Q)

2,000-3,150 e 2,000 m/s is reported from the Q5 to seafloor
surface (top P-Q layer) around the Gulf of Lion
using an average of velocities derived from
various datasets (1).
o In the deep basin of the Western Mediterranean,
we expect an average velocity of 2,930 m/s
using velocities from 2D Ultra-high resolution
Multichannel Seismic data over the Algeria to
Sardinia basin centre (2).
e 3,150 m/s is reported from the P11 to PXX
surface (base P-Q layer) around the Gulf of Lion
mid-slope GLP-2 well (1).
3,100-3,500 e 3,100 m/s is reported from seismic velocity
analysis of profile MS-39 in the Western
Mediterranean (3).
o In the deep basin of the Western Mediterranean,

Messinian upper
unit (UU)

we expect an average velocity of 3,300 m/s
using velocities from 2D Ultra-high resolution
Multichannel Seismic data over the Algeria to
Sardinia basin centre (2).

e 3,500 m/s is reported from velocity observation
in the Gulf of Lion (4).

4,200-5,100 e The Messinian salt velocity is reported from
4,200 m/s in the Herodotus Basin to 4,300 m/s in
the Levant basin (5).
e 5,100 m/s is reported from seismic velocity

Messinian mobile
unit (MU)

analysis of profile MS-39 in the Western
Mediterranean (3).
3,500—4,200 e 3,500 m/s is reported from velocity observation
in the Gulf of Lion (4).
e 4,200 m/s is reported from seismic velocity

Messinian lower
unit (LU)

analysis of profile MS-39 in the Western
Mediterranean (3).

Early to late
miocene

2,700-5,300 e 2,700 m/s is a starting velocity in locations of
carbonate build-up (5).
(Pre-Messinian) e 5,300 m/s is reported based on gradual increase

in velocity from 4,800-5,300 m/s between
Expanding Spread Profiles (ESP) 202 and 203
(1.

Note: References: (1) Leroux et al. (2017); (2) GALSI project; (3) Dal Cin et al. (2016) (3); (4) Roveri

et al., (2014); (5) El-Bassiony et al. (2018).

TABLE 4 Velocity range for Pre-
Messinian, Messinian Salinity Crisis and
Pliocene to Quaternary units

during formation of a diapir. Our Liguro-Provencal model is
located ca. 6 km from the synclinal axis of a salt diapir. If
we had considered repositioning the model ca. 8 km further
west of its current location (total of 14 km from the synclinal
axis of the diapir), unit thicknesses (pre-kinematic) would be
similar and so overpressure estimates would remain similar
to our 1-D model results.

The most likely scenario uses a fracture limit of 0.8 and
permeability at seabed for gypsum and halite of 10"® and 10
20 m? respectively. The low scenario uses a fracture limit of
0.7 and permeability of gypsum and halite of 10" and 107"

m? respectively. The high scenario uses a fracture limit of 0.9
and permeability of gypsum and halite of 107" and 107! m?
respectively. See Table 3 for a summary of the non-default
parameters used in the low and high scenarios. Four additional
scenarios are presented that evaluate the sensitivity of over-
pressure to common halite properties (porosity and permea-
bility), to understand the impact of downward fluid migration
on our models, to ground truth whether mineral dehydration
is plausible at our model locations in the Algero-Balearic
basin, and to determine timing of fluid expulsion in the WM.
Sensitivity of overpressure to halite properties was modelled
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Basin 0

using halite permeabilities of 107'°~107** m* and initial seabed

porosity of 0.1%—4.0%. For timing of fluid expulsion events,
conservative values for fracture limit of 0.7, permeability for
gypsum and halite of 107" and 107" m? respectively and a
Lower Unit package thickness of gypsum of 1,405 m are used.
The sensitivity of the model overpressure to downward fluid
flow into basement rock, was modelled using ranges in pre-
Messinian claystone permeabilities of 1077210 m? at po-
rosities of 2%—14% for a 4,000 m subsurface depth. To ground
truth mineral dehydration as an overpressure mechanism in the
region, heat flow of 80—120 m W/m? (Carballo et al., 2014),
thermal conductivities for marlstone of 1.5-3.0 W/m K/m
(Erickson & Von Herzen, 1978), thermal conductivities for
gypsum of 1.0-1.3 W/m K/m (Balkan et al., 2017; Robertson
& Geological Survey (U.S.), 1988), thick basin-ward units and
seabed temperature are used to estimate the thermal structure
of the 1D sediment column. Combining these temperature
data with pressure data we estimate the P-T conditions of the
Algero-Balearic Upper Unit Gypsum relative to the boundar-
ies of the dehydration reaction. Here we assume that present-
day thicknesses adequately represent maximum burial depth
of the sediment. Location of the basin-ward thicknesses on the
lowermost slope of the continental rise is given in Section 6.
See Table 3 for a summary of the non-default parameters used
in each of the additional scenarios.

4.3 | Modelling parameters and
boundary conditions

Our seismic stratigraphic model extends to 4 km below the
seabed and comprises five seismic stratigraphic units, three
of which represent the Messinian Salinity Crisis. Seismic
units were interpreted on PSTM data with thicknesses in
time for each unit converted to depth using a range of ve-
locities from well and seismic velocity analysis over the
Mediterranean (Table 4). Present-day thicknesses were se-
lected from the mid-range of thicknesses calculated for each
unit, except where high quality seismic velocity data existed
from the GALSI project. We use the GALSI data to calculate
the thicknesses of Pliocene to Quaternary (P-Q) and MSC
Stage 3 (Upper Unit) of the Liguro-Provencal deep basin
model.

A single representative lithology per unit is selected,
using seismic stratigraphy and literature sources (Table 5).
For the five units, the primary lithologies were marlstone,
claystone, halite and gypsum. Marlstone was used for the pre-
Messinian and Pliocene to Quaternary (P-Q) units, claystone
for the MSC Stage 1 (Lower Unit), halite for the MSC Stage
2 (Mobile Unit), and gypsum for the MSC Stage 3 (Upper
Unit).

Duration of deposition of the modelled units from Miocene
to Present is provided in Table 5. Duration of deposition in
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our models for the pre-Messinian unit ranges from 14 Myr
along the basin edge to 10 Myr in the deep central oceanic
location (Carminati et al., 2012). The time durations in our
models for the MSC units are 0.37 Myr for the LU, 0.05 Myr
for the MU and 0.22 Myr for the UU, with no difference in
time duration considered for the Messinian units between
the basin edge and deep central oceanic model locations
(CIESM, 2008).

Average fluid and solid properties and other modelling
constants are provided in Table 6. We assume fully water-
saturated sediment for all scenarios with initial seabed den-
sity and viscosity for water of 1,028 kg m® and 0.0012 Pa s
respectively. For marlstone units we use an initial seabed po-
rosity of 30% from claystone porosity trends (Magara, 1980),
an initial compaction factor of 0.4 km™! reported in Marin-
Moreno et al. (2013a, 2013b) for similar sediments, an irre-
ducible porosity of 10%, and a permeability at the seabed of
107 m? from porosity and permeability trends for argilla-
ceous material (Neuzil, 1994). For evaporite units, we use an
initial seabed porosity of 2.0%-3.0%, an initial compaction
factor of 0.1-0.2 km_l, an irreducible porosity of 1.0%, and
a permeability at seabed for the most likely scenario of 1072
m? for halite and 10™'® m? for gypsum estimated from labora-
tory tests as part of this study.

We assume a seabed (top boundary) temperature of 13°C,
which corresponds to the estimated temperature at water
depths of 2,585-2,638 m (Manca et al., 2004) and an av-
erage geothermal gradient of 36°C km™' (Erickson & Von
Herzen, 1978). The temperature is only used to calculate
changes in pore fluid density and viscosity with depth. We
impose boundary conditions of zero overpressure at the top
of the models representing the seabed, and zero flow at the
base of the models.

The mathematical model (Equation 8) is solved in Matlab
(R2017) using an implicit finite difference scheme with
backward differences to approximate the time derivative and
second-order centred differences in space, an harmonic av-
erage to estimate the permeability in the interface between
cells, and a fully compacted coordinate system for the depth
axis (Marin-Moreno et al., 2013). The numerical model uses
400-800 cells in the z-direction and 800—1,600 time steps per
unit. We run the default model with different mesh sizes to
assess their influence on our results and select the mesh size
from which further refinement produced negligible changes.

5 | RESULTS

5.1 | Numerical model results

To evaluate the impact of sediment loading on overpressure
generation and fluid release, we reconstruct the sedimentation
history in the central oceanic portion of the Liguro-Provencal



DALE ET AL.

"($102) T8 12 1RA0Y (TT) :(1002) T8 10 12A0Y (TT) H(0961) AONBATYSOId (0T) :($66T) I1ZNoN (6) (6007) T8 12 ONABIN (8) S(L10T) & 12 Xno1oT (L) (8L6T) 'Te 12 NSH
(9) £(8002) INSHID (S) {(Z107) T 30 neurwre) (%) «(8.61) 'Te 32 1910ing (€) (1661) ‘T 10 wroyneag (7) ‘Apnis Sy () :S90UQIQJOY "UOISAI oY} JOAO AJUTeIIodUN AJIO0[OA JO J[NSAI B ATk Sassauw[ory) yidop orwsios Jo auey 210N

Mo (M0 (Mo (Mo (mr1o (Mmr1o (Mo — (Mo (Mo [y J0joey uonoedwod feniug
(6) L1-01 (6) L1-01 (1) 81-01 (1) 81-01 @ oz-01  (2) 0zl (6) L1-01 — (6 LI-01 (6) LI-01 AU paqeas Je Ajjiqeoutiog
(8) 69T (8) 69T mzee mzee mere mere (8)89C — (8)$9C ®¢9c  wo/E Ayisuop urei3 oFeroay
paqeas Je sanisorod
(1) 0¢ (o1 0¢g Moe¢ M o¢ Moc (1 ozc (o1 o¢ = (o1 0¢ (o1 0¢ % [entur d[qrssardwo)
(L) e @ MeW  (zpwnsdfy (g wmsdky (gD ANeH (T OMEH (1) Suoisswi/Ke) — (W IEN () e - A3ooyyry Jueurwoq
(©) g¢'s (©) g¢'s (©) zTo ©) o ($) 00 ($) S0°0 (9) LEO = ) o1 @) +1 eI uopeInp duwL],
Kep-juasard
(1) 6011 (1) 08¢ (1 s19 (1) L81 (1) 888 (1) 9¢2 (1 og9  (1)Iudsqy (1) soL (1) L9 w SSOUDIY} PI[[OPOIN
SSSAUNIY)
08%°1 98¢ 949 061 €€6 17T 199 — ovL 6LS w papedwos-aig
GLGT J3uel
5 =000 L¥€-0TT 129-0SS €61-1L1 126-8SL $ST-861 08219 —  L80'T-€SS SLL-81Y w o ssawyoIyy yidop drwsog
m d-1 q-v d-1 q-v d-1 q-v d-1 q-v d-1 qav s Kyxadoag
<|
z (Od) (nN) yun saddn HSW (A 31un 3rqowr HSA (0D yun 13M0[ DS (URIUISSOA[-91)

Areurdjenb 03 auddorg UIDOIW e[ 0) AjIey

Sppow J-T

s[opowt (4-7) [eduaA01g-oInS1r pue (g-y) dueseg-0103[y oy 10 Aep-juasaid 0] U201\ WOl 2Inssa1dIoao Jo uonnjoad y3 Surjjopow ur pasn siojowrered Ayodoid [eorsAyy ¢ 14V L

—I—WI LEY—



DALE ET AL.

TABLE 6 Physical constants assumed
in the Algero-Balearic (A-B) and Liguro-

Provencal (L-P)

Depth Below Seabed (m) =

Depth Below Seabed (m) &
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temperature

Thermal gradient
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FIGURE 6 Most likely scenario of evolution of overpressure and A* from Miocene to present-day for the Liguro-Provengal model (central

oceanic location within the basin). (a,c) Overpressure and A* evolution with depth and time for the deposition of a given unit with four equally

divided subunits, where dashed lines correspond to the first time increment, thin solid lines correspond to second and third time increments,

and bold lines correspond to end of deposition for a given unit. Results are presented relative to present-day depth. Yellow lines that represent

deposition from 16 to 5.97 Ma are barely visible owing to near hydrostatic pressures in the marlstone. (b,d) Overpressure and A* evolution with

time for the five units modelled at the mid-thickness depth point for each unit. All models use a constant fracture limit of 0.8
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(a) Present-day pressure and (b) overpressure from seabed estimated for the Liguro-Provencal model. Red lines are uncertainty

ranges. Results were calculated applying variation in fracture limit from 0.7 to 0.9 and permeability of evaporites from 1077 to 107" m% The most

likely scenario (red dotted line) uses a fracture limit of 0.8 and permeability of gypsum and halite of 107" and 10" m? respectively. The low value

scenario (red dashed line) uses a fracture limit of 0.7 and permeability of gypsum and halite of 107 and 107" m? respectively. The high value

scenario (red solid line) uses a fracture limit of 0.9 and permeability of gypsum and halite of 107" and 10" m? respectively. The column on the

right side shows the five units modelled

basin, where evaporite thicknesses are greatest, and at the
base of the Emile Baudot Escarpment in the Algero-Balearic
basin, where fluid release features have previously been ob-
served (Figure 1).

5.1.1 | Liguro-provencal basin
modelling results

Figures 6-8 show the results of the Liguro-Provencal basin
modelling.

Deposition from 16 to 5.97 Ma

Commencing in the Middle Miocene (Pre-Messinian; yellow
lines), deposition of 740 m of marlstone (16-5.97 Ma; sedi-
mentation rate 74 m Myr_l) allowed pore fluid dissipation to
near hydrostatic pressure within the marlstone itself.

Deposition from 16 to 5.6 Ma

Following sediment loading of 661 m of claystone and lime-
stone as part of Stage 1 (Lower Unit) of the MSC (5.97-
5.6 Ma; sedimentation rate 1786 m Myr™"), overpressure of
2.1 MPa was generated within the underlying pre-Messinian
sediment (green lines).

Deposition from 16 to 5.55 Ma
The impact on overpressure is greatest during Stage 2
(Mobile Unit) of the MSC when the peak of the crisis was

reached. Following sediment loading of 933 m of halite as
part of Stage 2 of the MSC (5.6-5.55 Ma; sedimentation rate
18,660 m Myr™"), overpressure increases to 8.6 MPa within
the halite and sediments of MSC Stage 1 and pre-Messinian
(blue lines). Towards the end of MSC Stage 2, loading
brought on by deposition of a thick basin-centre halite caused
overpressure and A* to increase above a point at which hydro
fracturing may have occurred, resulting in overpressure re-
lease from within the halite.

The effect of hydro fracturing is best represented during
deposition of the halite of MSC Stage 2 (Figure 6a) where the
increment in overpressure increases uniformly between the first
to third sub-unit time intervals (thin blue dashed line to thin blue
solid line) prior to hydro fracturing. Once the system fractures,
overpressure dissipates at a faster rate as seen by the increase in
the overpressure gradient between the third to fourth sub-unit
time intervals (thin blue solid line to thick blue solid line). In
response to hydro fracturing, overpressure and A* reduce but
there is a time delay to respond to the new hydrodynamic con-
ditions. The delay in the reduction of A* can be seen in the MSC
Stage 2 halite (Figure 6b; thick blue line to thin solid red lines),
which is caused by the time it takes for fluid flow to react to
the new higher permeability developed by hydro fracturing and
reduce overpressure and A* within and below that unit.

The effect of permeability on our scenarios show that the
most likely and high scenarios give similar results in terms of
pore pressure within the halite using permeabilities of 1072
and 102" m? respectively (Figure 7). This means that for
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FIGURE 8 Present-day variations of density, porosity compressibility and permeability with depth for the Liguro-Proven¢al model. (a—d)

Results were calculated applying variation in fracture limit from 0.7 to 0.9 and permeability of evaporites from 1077 to 107" m% The most likely

scenario (red dotted line) uses a fracture limit of 0.8 and permeability of gypsum and halite of 107" and 10 m? respectively. The low value

scenario (red dashed line) uses a fracture limit of 0.7 and permeability of gypsum and halite of 107 and 107" m? respectively. The high value

scenario (red solid line) uses a fracture limit of 0.9 and permeability of gypsum and halite of 107" and 10" m? respectively. The column on the

right side shows the five units modelled. Data from (DSDP) 372 (green lines) and GLP-2 (orange line) are included for comparison with our results.

Sonic derived claystone porosity from GLP-2 represents claystone porosity with depth, unaffected by loading of a thick basin-centre evaporite

permeabilities lower than 107" m?, differences in pore pres-
sure are small.

Deposition from 16 to 5.3 Ma

After the peak of the MSC, MSC Stage 3 is characterized by
deposition of 646 m of Upper Unit gypsum (5.55-5.3 Ma;
sedimentation rate 2,936 m Myr_l) contributing to further
loading of underlying evaporitic units with overpressure in-
creasing to 11.2 and 12.4 MPa within the base of the MSC
Stage 2 halite and pre-Messinian units respectively (red
lines).

Deposition from 16 Ma to present day

Following the MSC, deposition of 1,480 m of marlstone dur-
ing the Pliocene-Quaternary (5.3 Ma to present day; sedi-
mentation rate 278 m Myr_l) allowed pore fluid to dissipate
to near hydrostatic pressure within the MSC Stage 3 gyp-
sum and the Pliocene to Quaternary (black lines). However,
below the MSC Stage 2 halite seal with present-day A* near
hydro fracture conditions, overpressure up to 21.6 MPa is re-
tained within the pre-Messinian sediment. The present-day
overpressure that remains is located below 1,409 m where
porosity deviates from the clay normal compaction trend
(Figure 8) as is expected during disequilibrium compac-
tion. In Alger-1, (DSDP) Sites 134, 371 and 372 and (ODP)
Site 975, the Pliocene to Quaternary (P-Q) overburden sedi-
ments are dominated by deposition of marlstone with various

mixtures of sand, silt and claystone, while GLP-2 is domi-
nated solely by carbonated claystone. When comparison is
made to the sedimentation rate versus fluid retention depth
relationship for silt, silty claystone and claystone from global
data (Swarbrick, 2012), assuming a sedimentation rate of
278 m Myr_l, and ‘silty’ lithology, we would expect top of
overpressure to begin near the base of our P-Q unit. This
is consistent with our estimates and hydrostatic pressures
maintained to 2,000 m depth below the seabed in wells like
Andalucia-G1 (Fernandez-Ibanez & Soto, 2017). Applying
the same sedimentation rate and an alternative ‘silty shale’
lithology, we would expect top of overpressure to occur at
depths anywhere from ca. 900 m below seabed to near base
of our P-Q unit based on global equivalent examples of sedi-
mentation rate.

5.1.2 | Algero-Balearic basin modelling results
Figures 9—11 show the results of the Algero-Balearic basin
modelling.

Deposition from 20 to 5.97 Ma
Commencing from the Early Miocene (Pre-Messinian; yel-
low lines), deposition of 579 m of marlstone (20-5.97 Ma;
sedimentation rate of 41 m Myr™') allowed pore fluid dis-
sipation to hydrostatic pressure.
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FIGURE 9 Most likely scenario of evolution of overpressure and A* from Miocene to present-day for the Algero-Balearic model (at the base
of the Emile Baudot Escarpment). (a,c) Overpressure and A* evolution with depth and time for the deposition of a given unit with four equally
divided subunits, where dashed lines correspond to the first time increment, thin solid lines correspond to the second and third time increments,

and bold lines correspond to the end of deposition for a given unit. Results are presented relative to present-day depth. Yellow lines that represent

deposition from 16 to 5.97 Ma are barely visible owing to near hydrostatic pressures in the marlstone. (b,d) Overpressure and A* evolution with
time for the four units modelled at the mid-thickness depth point for each unit. All models use a constant fracture limit of 0.8

Deposition from 20 to 5.6 Ma

Assuming the Lower Unit of MSC Stage 1 is absent along the
edge of the basin (1 m inferred, 5.97-5.6 Ma; sedimentation
rate of 2.7 m Myr_l), hydrostatic pressure conditions persist
to 5.6 Ma (green lines).

Deposition from 20 to 5.55 Ma

Following sediment loading of 241 m of halite as part of Stage 2
(Mobile Unit) of the MSC (5.6-5.55 Ma; sedimentation rate of
4,820 m Myr_]), overpressure increases to 1.9 MPa within the
MSC Stage 2 halite and pre-Messinian sediments (blue lines).

Deposition from 20 to 5.3 Ma
The impact on overpressure is greatest during MSC Stage
3 when sediment loading of 190 m of Upper Unit gypsum

(5.55-5.3 Ma; sedimentation rate of 864 m Myr_l) increases
overpressure to 3.1 MPa within the MSC Stage 2 halite and
pre-Messinian sediments (red lines). Towards the end of the
MSC Stage 3, loading brought on by deposition of the Upper
Unit gypsum caused overpressure and A* of the underlying
MSC Stage 2 halite to increase above a point at which hydro
fracturing may have occurred, resulting in overpressure re-
lease from within the MSC Stage 2 halite.

Deposition from 20 Ma to present day

Following the Messinian Salinity Crisis, deposition of 286 m
of marlstone during the Pliocene-Quaternary (5.3 Ma to pre-
sent day; sedimentation rate of 54 m Myr_l) allowed pore
fluid to dissipate by up to 2.6 MPa within the MSC Stage 2
halite and pre-Messinian sediment (black lines).
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5.1.3 | Sensitivity of the model to common development during halite deposition (Figure 12), as this
halite properties is the primary unit contributing to the major increase in

A* (Figure 13). We considered halite thicknesses of 200—
We evaluated the impact of uncertainty in initial seabed po- 1,000 m, the latter based on thickness estimates of 600—

rosity, permeability and sedimentation rate on overpressure 1,000 m from seismic interpretation of the WM stratigraphy,



MWI LEY— Basin

DALE ET AL.

155 EAGE
Research =

@712 ;

i 1,000m; 50 Kyr (20 m Kyr')

| eoenseneen 800m; 50 Kyr (16 m Kyr )

10 q| ------ 600m; 50 Kyr (12 m Kyr')
/(-“\ ] 400m; 50 Kyr (8 m Kyr)
o ] 200m; 50 Kyr (4 m Kyr)
=S 8 7 Initial porosity at surface = 2%
~ Irreducible porosity = 0.1%
[0} - Grain density = 2130 kg m3 b
S 6 ] Initial compaction factor = 0.1 km* /et
2 ]
7 ]
o 1 [ e
g %
> 4
O o]
o3 - 2=z .
-16 -18 20 -22
Log Permeability (m?)

(¢) 12 1

] 1,000m; 50 Kyr (20 m Kyr')

| e 800m; 50 Kyr (16 m Kyr)

10 4| ---—-- 600m; 50 Kyr (12 m Kyr')

’a g 400m; 50 Kyr (8 m Kyr) 1022
o ] 200m; 50 Kyr (4 m Kyr) hoeet
E 8 - Initial porosity at surface = 2% %
= 7 Irreducible porosity = 0.1% 10°
[0} J Grain density = 2130 kg m3
:5 6 7 Initial compaction factor = 0.1 km"!
) i
» ]
o ]
S 4 4
e ]
o) ]
= ]
O 2]

T1018 m2

0 I e
1.80 1.85 1.90 1.95 2.00
Connected Porosity (%)
FIGURE 12

() 12 - _
7] Permeability ?Ot , 1,000m; 50 Kyr (20 m Kyr-')
| surface=1020m? | .. 800m; 50 Kyr (16 m Kyr)
1 Irreducible porosity

10 4 o 0 | e 600m; 50 Kyr (12 m Kyr)

/(-TS\ 4 Grain density = 400m; 50 Kyr (8 m Kyr")

o 1 2130kgm? 200m; 50 Kyr (4 m Kyr")

s 8 - Initial compaction

=, 1 factor=0.1 km™*

o ]
S 6 A
* ]
0 ]
92 i
s 41
& ]
o ]
= ]
O 21
O 1 L] 1 ' 1
0 1 2 3 4
Initial porosity at surface (%)

(d) 12 1
g 1,000m; 50-90 Kyr (20-11 m Kyr")
| e 800m; 50-90 Kyr (16-9 m Kyr')

. 10 ] ----- 600m; 50-90 Kyr (12-7 m Kyr)

© ] 400m; 50-90 Kyr (8-4 m Kyr')
% 8 ] 200m; 50-90 Kyr (4-2 m Kyr')
< ]
9 1 /
S 6 1
@ o
8 1 e
s 491 -
&2 ] e
G>J 4] Initial porosity at surface = 2%
o 2 o Irreducible porosity = 0.1%
E Grain density = 2130 kg m3
] Initial compaction factor = 0.1 km!
- Intrinsic permeability at surface = 102 m2
0+

0 10 20
Sedimentation rate (m Kyr1)

30

Influence of rock properties on overpressure generation within Messinian halite with thickness of 200-1,000 m. Overpressure

change in halite with (a) seabed permeability ranging from 107" to 1072* m” and (b) seabed porosity ranging from 0.1% to 4.0%. (c) Overpressure

and connected porosity in halite for permeabilities ranging from 107" to 107% m®. (d) Overpressure changes with historical ranges in duration of

the acme of the Messinian Salinity Crisis at 50-90 kyr

and a depositional time of 50 kyr (Roveri et al., 2014; Topper
etal., 2011).

We used halite permeabilities of 10~ m? based
on global literature ranges, derived from a combination of
laboratory tests, modelled and inferred values, and our ex-
perimental data. Halite permeabilities above 1077 m’ gen-
erate hydrostatic pressures. Hence, for the low overpressure
scenario with a fracture limit of 0.7 and the highest halite
permeability of 10™'” m?, if the overpressure exceeds the frac-
ture limit, our assumed permeability increase of two orders of
magnitude results in a halite permeability of 1077 m?, which
is the threshold above which permeability does not influence
our results. When the permeability drops below a threshold
of about 107'8 m2, halite with thickness greater than 600 m
develops overpressure above 1 MPa. In contrast, halite with
thickness of 200 m requires permeability below 102 m?,
to generate and maintain the same overpressure magnitude.
This two orders of magnitude difference in threshold per-
meability is related to the ability of permeability to dissipate
overpressure for a given length scale and time scale. In our

16_1(22

1-D models, for the same time scale, the thinner the layer
the shorter the distance the fluid needs to travel to dissipate
overpressure, and so the lower the permeability needed to
generate and maintain the same amount of overpressure. For
halite thicknesses of 600—1,000 m, a permeability of 10 m?
develops overpressure within the range 3.9-7.1 MPa. Below
102! m?, that being the permeability of pristine, undamaged
halite, overpressure for a 1,000 m halite remains high at 7.7—
8.5 MPa. When comparison is made for permeability ranges
of 1072107 m2, minor variation in overpressure, up to
1.3 MPa, is obtained.

Shallow halite layers such as that of Quaternary halite in
the Saline Valley, CA display low porosities (<10% at 10 m
below ground level) and tightly cemented layers below a depth
of 45 m (Casas & Lowenstein, 1989). In our study, lower
connected porosities of 1.0%—2.7% were obtained from lab-
oratory testing of shallow Messinian halite collected in Sicily.
Integrating literature sources and our laboratory measurements
of porosity, we tested the impact of uncertainty in initial halite
seabed porosity of 0.1%—4.0% on overpressure. For an initial
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modelled at the end of deposition of each of the interpreted units

seabed porosity of 1.0%, a significant increase in overpressure
up to 6.5 MPa is obtained for a 1,000 m thick halite. For initial
seabed porosities above 1.0%, overpressure plateaus with only
minor increase in overpressure by about 0.9 MPa.

There is considerable uncertainty concerning the strati-
graphic framework for the MSC evaporites, as well as their ab-
solute chronostratigraphy in the deep basins owing to limited
well control, lack of chronostratigraphic constraint, studies
not structured within a regional context and scientific debate
on the origin of the evaporites (Hardie & Lowenstein, 2004;
Krijgsman et al. 1999).

Accounting for the uncertainty in stratigraphic models for
the MSC, we test the impact of sedimentation rate on over-
pressure, using halite thicknesses of 200-1,000 m and total
duration of Messinian halite deposition of 50-90 kyr. For
duration of deposition of 50-90 kyr and halite thickness of
1,000 m (sedimentation rates 11-20 m kyr™"), a minor differ-
ence in overpressure, up to 0.6 MPa, is obtained. Halite with
a lower thickness of 200 m and the same duration of deposi-
tion (sedimentation rates 2—4 m kyr_l) show even lower mag-
nitude difference in overpressure, of 0.25 MPa.

5.1.4 | Sensitivity of the model to downward
fluid migration

We evaluated the impact of downward fluid migration from
pre-Messinian sediment into basement rock and the effect
of permeability variation of pre-Messinian sediment on this
type of migration. To do this, we assumed a highly fractured
basement rock by imposing a zero overpressure bottom
boundary condition. Although the nature of the basement in
the Mediterranean is variable, we expect there to be oceanic
crustal igneous rock in the Liguro-Provengal basin where our
model is located (Figure 1; Sabat et al., 2018). If a bound-
ary condition of zero overpressure is imposed at the base
of the model representing full dissipation through the base-
ment, the ability to retain overpressure within pre-Messinian
units depends largely on its permeability which is poorly
constrained. We tested pre-Messinian permeabilities of 10~
7_ 1072 m? (Neuzil, 1994) reasonable values at porosities of
2%—14% based on claystone compaction trends at a depth of
ca. 4,000 m (Allen & Allen, 2013). For downward flow and
permeability of 1077 m?, present-day overpressure is near
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hydrostatic pressures within the pre-Messinian sediment.
For permeability lower than 107 m? overpressure develops,
which increases mid-unit up to 32.2 MPa (A* of 0.75) for a
permeability of 10> m?. Below this at the boundary between
pre-Messinian and basement, a regression in overpressure to
hydrostatic conditions is modelled (see supporting material
Figure S3).

5.1.5 | Gypsum dehydration to anhydrite

In the Algero-Balearic basin, polygonal faults have been in-
terpreted within the upper evaporites of the MSC and low-
ermost Pliocene sequences, suggesting presence of past fluid
expulsion and migration events (Bertoni & Cartwright, 2015).
Lofi (2018) interpret the polygonal faulting to be generated
by overpressure induced by fluid from the gypsum to anhy-
drite dehydration process. Anhydrite has been cored before
from the Upper Unit (UU) of (DSDP) Site 371 in the Algero-
Balearic Basin, however the well was drilled in a zone where
numerous shallow magnetic anomalies and a thin veneer of
evaporites are present (Figure 1; Hsii et al., 1978a, 1978b).
To understand if gypsum dehydration occurs in the location
of the SALTFLU seismic data, we first evaluate pressure and
temperature conditions of the Upper Unit gypsum at the base
of the Emile Baudot Escarpment (Figure 1; Figure 13a Model
A location) relative to the boundaries of the dehydration re-
action (Figure 13b). Using the parameters described above
(Section 4), we show that the Upper Unit of gypsum at the
base of the Emile Baudot Escarpment is unlikely to reach the
pressure and temperature conditions required for gypsum-
anhydrite transformation. Considering thicker basinward units
on the lowermost slope of the continental rise (Figure 1 green
star on strike direction and in close proximity with Figure 13a
Model B location), fluid release from evaporitic dehydration
is possible if heat flow exceeds 105 mW m™2 in combination
with low thermal conductivities for marlstone and gypsum
of 1.5 and 1.0 W/m K/m respectively. However, these low
modelled thermal conductivities are inconsistent with higher
values obtained during (DSDP) Leg 42A (Erickson & Von
Herzen, 1978). Alternatively, our disequilibrium compaction
models suggest that sediment loading over the 5.55-5.33 Ma
period can cause sufficient overpressure to hydro fracture the
underlying MSC Stage 2 (Mobile Unit) halite (Figure 13c),
allowing fluid to migrate into the Upper Unit of gypsum and
leading to development of a polygonal fault system.

6 | INTERPRETATION AND
DISCUSSION

Our sensitivity analysis of evaporite petrophysical properties
show that permeability is the dominant parameter controlling

the generation of pore fluid overpressure. However, a broad
range of permeability values are reported in literature
(Figure 4) which reduces the predictive ability of overpres-
sure from numerical models, as illustrated in our modelling
of the MSC Stage 2 (Mobile Unit) halite. Laboratory meas-
urements of permeability from high quality, undamaged
evaporites from borehole cores is then essential to produce
reliable predictions. When permeability measurements of
representative evaporites under undisturbed conditions are
not available, low (most likely) and high permeability over-
pressure modelling scenarios and the threshold above which
permeability does not influence overpressure results should
be provided (Figure 12).

Overpressure build-up up to hydro fracturing during
the MSC has likely caused fluid expulsion events in the
WM basin. Fluid expulsion related features are evident on
seismic data with examples of mud volcanoes, pipes and
polygonal faulting in sediments of the Central and Western
Mediterranean (Bertoni & Cartwright, 2015). Using
seismic-based evidence across the entire Mediterranean, a
conceptual framework for timing of fluid expulsion during
the MSC indicates three possible fluid flow stages, the first
commencing in the early stage of the MSC before about
5.6 Ma, the second during deposition of MSC Stage 2
basin centre evaporites from 5.6 to 5.53 Ma, and the third
during deposition of MSC Stage 3 (Upper Unit) evaporites
from 5.53 to 5.33 Ma (Bertoni & Cartwright, 2015). To
evaluate the role that evaporite deposition played on these
three stages, we model overpressure applying a scenario of
conservative values for fracture limit of 0.7, permeability
for gypsum and halite of 10" and 107" m? respectively
and a high Stage 1 (Lower Unit) thickness of 1,405 m, as
observed on seismic data in the Gulf of Lion deep basin
(Leroux et al., 2017) with an alternative low permeability
evaporite scenario of gypsum. Our models show that sedi-
ment loading by this thickness of LU gypsum does not cause
overpressure to increase above hydro fracturing in this first
stage, from 5.97 to 5.6 Ma. From our modelling in the WM,
we identify two possible timings of fluid expulsion events
relative to the MSC, the first by sediment loading of Stage
2 (Mobile Unit) halite from ca. 5.58-5.55 Ma and the sec-
ond by sediment loading of Stage 3 (Upper Unit) evaporites
from ca. 5.55-5.33 Ma causing overpressure of the under-
lying MSC Stage 2 halite to increase above hydro fractur-
ing. We therefore show that in the WM the fluid expulsion
events triggered by an increase in overpressure above hydro
fracturing likely started during and after deposition of Stage
2 halite (Mobile Unit). The former event timing during
Stage 2 differs slightly from seismic observations of basin-
centre pockmarks in the Eastern Mediterranean, described
to have formed in the early stages of the MSC related to
sea-level drop (Bertoni & Cartwright, 2015), while the lat-
ter event timing is consistent with brecciated limestone in
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Central Mediterranean outcrop and seismic observations of
polygonal faulting in the Western Mediterranean, formed at
the late stage of the MSC up to the early Pliocene (Bertoni
& Cartwright, 2015; Iadanza et al., 2013).

The distribution and thickness of the Stage 1 Lower Unit
in the Algero-Balearic basin is not entirely known, due to
complex structures of salt deformation, erosion, and seis-
mic imaging effects (Dal Cin et al., 2016). The Lower Unit
appears absent on seismic line E12-SF03 in the Algero-
Balearic basin at the base of the Emile Baudot Escarpment.
To understand the impact of seismic unit thickness on our
modelled sediment loading and overpressure generation, we
apply a thickness for the Lower Unit of 73 m, representing
the maximum estimated threshold for vertical resolution.
This threshold was determined using a relationship between
frequency, velocity, wavelength and resolution (Liner &
McGilvery, 2019). For gypsum rock with compressional
velocities of 5,700-5,800 m/s and dominant frequency of
the seismic signal between 50 and 20 Hz, the theoretical
thickness that can be resolved is estimated at 29-73 m. Our
models show that during deposition of 73 m of LU gyp-
sum 5.97-5.6 Ma, only low overpressure, of 0.4 MPa, is
generated. Even if we assume erosion removed part of the
LU gypsum and that a maximum thickness of 300 m may
have been deposited 5.97-5.6 Ma (Stefano et al., 2010),
then only low overpressure, of 0.95 MPa, is generated. We
therefore show that for the Algero-Balearic basin at the
base of the Emile Baudot Escarpment, sediment loading of
the MSC Stage 1 (Lower Unit) 5.97-5.6 Ma played no role
in overpressure increase above hydro fracturing and fluid
release in the area.

7 | CONCLUSIONS
Thick low permeability evaporites from the Messinian
Salinity Crisis have generated high overpressure within
the evaporites and throughout pre- and post-Messinian se-
quences. The high overpressure within the evaporites would
have been sufficient to hydro fracture them and generate
vertical fluid release features. This study generates for the
first time quantitative estimates of the time evolution of
overpressure.

We completed laboratory measurements to constrain
properties of evaporite minerals as input to a series of 1-D
disequilibrium compaction models. We conclude for the
physical properties of Mediterranean evaporites that:

e Evaporite porosities lower than 3% can become connected
by cracks and/or dilatancy of grain boundaries allowing
fluid flow.

e Permeabilities of anhydrite and gypsum at different con-

fining pressures range from 107" to 107" m?.

B W Seewileyl2

We used a 1-D disequilibrium compaction model to re-
construct fluid flow through time and to quantify the magni-
tude of overpressure generated in the Western Mediterranean
basin. For the Liguro-Provengal basin and Algero-Balearic
basin we conclude:

e Permeability lower than 10™'® m” can cause overpressure
within Messinian evaporites.

e Rapid sediment loading of low permeability Messinian
evaporites inhibited vertical fluid flow causing high over-
pressure within pre-Messinian and Messinian sequences.

e Rapid sediment loading caused sufficient overpressure to
hydro fracture MSC evaporites. Hydro fracturing may have
occurred during Stage 2 deposition of halite (Mobile Unit)
from about 5.58-5.55 Ma in the Liguro-Provencal basin,
and during Stage 3 deposition of Upper Gypsum from 5.55
to 5.33 Ma in the Algero-Balearic basin.

e Fluid release features observed in seismic reflection data
near the Emile Baudot escarpment of the Algero-Balearic
basin, previously interpreted to be caused by gypsum-
anhydrite transformation, can also be explained by disequi-
librium compaction-related hydro fracturing.
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