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Abstract

The Eastern and Western Mediterranean are separated by an elevated plateau that regulates water exchange
between these two basins. The Maltese archipelago, situated atop this topographic high, offers a unique
window into the evolution of this plateau in the lead up to the Messinian Salinity Crisis (MSC). The Upper
Coralline Limestone formation was deposited between the late Tortonian and the early Messinian and was
likely terminated by paleoceanographic events related to the MSC. It represents the youngest Miocene
sedimentary deposits outcropping in the Maltese archipelago. This shallow-water carbonate unit can be
used to trace paleoenvironmental changes atop the sill between the Eastern and Western Mediterranean and
to explain the possible water flow restrictions to the Eastern Mediterranean that could have preceded the
MSC. Here we combine field surveys and analysis of the depositional environment within the Upper
Coralline Limestone in Malta, with recently acquired multichannel seismic reflection profiles between
Malta and Gozo, to reconstruct the depositional sequence in the Malta Plateau during the late Miocene.

The Upper Coralline Limestone consists of multiple coralline and larger benthic foraminifera dominated
facies, extending from subtidal to intertidal environments. These accumulated in two depositional cycles
observed in both outcrop and seismic reflection data. Each cycle exhibits an early aggradation-progradation
phase followed by progradation phase and a final aggradation phase. These manifest themselves in the
outcrops as shallowing and deepening upwards phases. These were deposited above a deep water unit and
indicated a preceding uplift phase followed by filling of the accommodation space through the deposition
of the Upper Coralline Limestone formation in shallow marine depths. These indicate the presence of a
highly elevated sill during the late Miocene, which could have restricted circulation to the eastern basin.

Keywords: Carbonate platform, Malta Plateau, late Miocene C type carbonate factory, Central
Mediterranean
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Introduction

The Messinian Salinity Crisis (MSC, 5.97 Ma to 5.33 Ma) was the result of extreme restriction of the
Mediterranean Sea from the Atlantic Ocean (Hst et al., 1973; Meilijson et al., 2019; Roveri et al., 2014a).
Yet the impact and effect of the MSC were not uniformly distributed. The Eastern Mediterranean hosts
around 70% of total MSC salt deposits, in significantly thicker deposits than the Western Mediterranean
(Hagq et al., 2020), indicating a marked difference in hydrology during the MSC. While it is accepted that
evaporite deposition was synchronous in both the Western and Eastern Mediterranean (Krijgsman et al.,
2002; Meilijson et al., 2019, 2018), an ongoing debate persists on whether the Eastern and Western
Mediterranean were restricted to the same degree and at the same times (Blanc, 2000, 2006; Meijer, 2006;
Ryan, 2008). In the aftermath of the MSC (the Zanclean flood), the western basin was the first to be
reflooded. Subsequent flooding of the Eastern Basin occurred via a massive waterfall over the Maltese
Escarpment due to overflow from the Western Basin (Garcia-Castellanos et al., 2020; Spatola et al., 2020).

87Sr/88Sr isotope ratio analysis of carbonate deposits in the Eastern Mediterranean exhibit a departure from
oceanic values, indicating modification and possible restriction from the world’s oceans already during the
late Tortonian (Schildgen et al., 2014). Reef accumulation patterns in the Eastern Mediterranean diverge
from that of the Western Mediterranean, both in respect to number and composition (Buchbinder, 1996).
Microfossil assemblages exhibit indications of periodically enhanced salinity and oxygen limitation
(Kontakiotis et al., 2019; Kouwenhoven et al., 2006; Moissette et al., 2018). All of this evidence points to
some enhanced restriction of the eastern basin as early as ~7.5 Ma.

A key region controlling the connection between the Eastern and Western Mediterranean is the sill between
Sicily in the north and Tunisia in the south. This sill is part of the North African continental margin
(Jongsma et al., 1985). This is a tectonically complex region where rifting, transpression and the
African/European collision resulted in a highly dynamic configuration throughout the Miocene (Ben-
Avraham et al., 1987; Dart et al., 1993; Gardiner et al., 1995). This allowed for significant vertical
movements, well expressed in the geological record of the Maltese Islands by significant shifts in
depositional depth (Pedley, 1978). In this study, we focus on the sedimentary evolution of this area and,
mainly, on the depositional sequence of the late Tortonian and Messinian ages, prior to the MSC. This study
aims to delineate the evolution of the sequence during this time. By integrating outcrop and seismic
reflection data, we set to explore possible indications of vertical fill that could have resulted in the restriction
of water exchange between the Eastern and Western Mediterranean.

Geological setting

The Maltese archipelago is a relic of an ancient carbonate platform located in the northeastern part of the
Pelagian block and dating back at least to the Paleogene (Gatt and Gluyas, 2012; Micallef et al., 2016). This
greater structure dates back to the early stages of the Tethys Ocean and has since been relatively higher
than its surroundings (Jongsma et al., 1985). During the late Miocene, this area experienced further uplift
driven by SE-NW directed horizontal shortening as plate convergence between Africa and Europe changed
the regional tectonic stress field (Adam et al., 2000; Gutscher et al., 2016; Reuther et al., 1993). These large
magnitude vertical shifts of the Malta Plateau are well illustrated in the late Miocene by the transition from
the hemipelagic Serravallian Blue Clay Formation to the shallow-water carbonates of the Tortonian-
Messinian Upper Coralline Limestone (UCL) Formation, which are separated by a glauconitic unit referred
to as the Greensand Formation (Baldassini and Di Stefano, 2017; Catanzariti and Gatt, 2014).
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The UCL is a calcareous shallow marine succession and the youngest Miocene rock unit exposed in the
Maltese Archipelago (Pedley, 1978). The age of the base of the UCL had been recently assigned to the
upper part of Nannofossil zone MNN11a (CNM16, ~8 Ma; Baldassini and Di Stefano, 2017), while the age
of its uppermost part is unknown and inferred to be either shortly after the Messinian Salinity Crisis (Pedley,
2011) or within the early part of the MSC (Cornée et al., 2004). Early interpretation, based on sedimentary
components and modern coralline algae, described the deposition of the UCL as a shallowing upward
sequence (Pedley, 1978; Table 1). It does not exhibit any of the extreme stress features reported in the
Calcare di Base (Borrelli et al., 2020), and thus probably represent more moderate conditions. The geometry
of the unit was inferred to be a belt of coralline bioherms (Bosence and Pedley, 1982; Pedley, 1976) aligned
southeast-northwest along the southern margin of the island, developed atop a paleorelief. The individual
beds described are representative of different lateral and temporal positions with respect to a carbonate
platform (Cornée et al., 2004). Nevertheless, the described elements delineate the depositional depth of the
UCL to <100 m in the deeper parts, and intertidal depths in the shallowest parts.

Methods

Field data

Fieldwork in 2017 included a systemiC g 14 146
survey of UCL outcrops on the western side Geclogical units

of the island of Malta. Five outcrops were S s e v
chosen for study (from north to south, Figure " Lf:;f"_“.";..rl;’."",.".if,",

1): Anchor Bay (35.93°N/14.34°E; 13m),
Rdum Majjiesa (35.94°N/14.33°E; 18m),
Ghajn Tuffieha (35.93°N/14.34°E; 8.5m),
Santi  (35.82°N/14.36°E; 16m) and
Bobbyland ~ (35.85°N/14.37°E;  4m).
Additionally, outcrops at St. Paul’s Bay; =
Rdum il-Qammiech; Ras il-Pellegrin; N
Mellieha; the range between Blata tal-Melh §
and Rdum tal-Vigarju; Rdum il-Hmar and
the Bingemma syncline (white markers in
Figure 1) were visited to examine the
appearance and larger scale geometries.
Field description of the unit was done using
the modified Dunham (1962) classification
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by Embry and Klovan (1971). These
outcrops were selected to represent a near-
complete representation of UCL depositional
sequence in Malta; they contain within them

Figure 1: geological map of the Maltese archipelago showing the
location of the study sites and area covered by the seismic survey.
Location of columnar sections showed in Figure 2 are noted in red
with names. Arrow in inset map shows the location of the Maltese
archipelago in the modern Mediterranean.

most of the known facies of the UCL in the
island of Malta except for the “Qammieh beds” facies (Pedley, 1978), which does not outcrop in any of the
surveyed sites. Some 96 samples were collected and analyzed using XRD Rigaku MiniFlex 600 benchtop
X-ray diffractometer (30 kV/10 mA from 3° to 70° at 0.05° increments by point detector) to test viability
for geochemical analysis. However, all samples exhibit full recrystallization to low Mg calcite and were
excluded from further analysis since it has been assumed that any geochemical signal represents diagenetic
conditions.
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Geophysical data

Seismic interpretation was carried out on 240 km of multichannel seismic reflection profiles from the Gozo
Channel project ( , more detailed image shown in ) using a mini GI gun with a total volume
of 60 cu. in. (1 I). A shot point distance of 15.625-18.750 m and a recording length of 2 s were used. Data
were recorded using a 300 m long digital streamer with 96 channels, with a channel distance of 3.125 m.
The fold coverage ranged between 8 and 9.6 traces per CDP. The processing sequence included amplitude
recovery, bandpass filtering, CDP sorting, pre-stack deconvolution, velocity analyses, normal move out
correction, and stacking.

Based on existing knowledge (Pedley, 1976), we have limited our investigation to the upper 200 ms
(milliseconds) of the seismic data. The sequence has been subdivided into seismic units (SUs) based on

unconformities and seismic facies. These SU were numbered from bottom to top.

Member Facies

Thickness (m)

Water depth

Environment

Gebel Imbarkk Qammieh 25 Intertidal to very Restricted intertidal to
shallow subtidal (0- shallow marine (coastal
~5m) lagoon?)

Tat Tomna 2.3 Intertidal (0-1m) Open intertidal to shallow
marine

Tal Pitkal Depiru Ghadira >23 Intertidal to very Open intertidal to shallow
shallow subtidal (0- marine
~5m)

Ghar Lapsi 25 Intertidal to very Intertidal to shallow
shallow subtidal (0- marine, pos. restricted
~5m)

Sensu stricto 3 <25m Open marine shallow

waters
*1m marl layers are
present

Rabat Plateau ? 12-15m Open marine shallow
waters

Mtarfa Rdum il-Hmar 12 <100m Mid shelf open marine

Gebel Mtarfa Sensu stricto 7 Mid shelf open marine

Coralline Algal 16 15-25m Inner shelf open marine

bioherm

Ghajn Melel Zebbug 16.5 <50m Mid shelf open marine

Ghajn Znuber 5.1 Sublittoral (<200m) Mid to outer shelf open

marine, Pos. at interaction
with OMZ

Table 1: Original subdivision of the UCL (Pedley, 1978) to members and beds, their assigned depositional settings and water

depth.

Pre-Print Sequence stratigraphy of the Upper Coralline Limestone

Page | 4 of 19



Results

Outcrops
waszhory "2 The transition from the Greensand unit to
the UCL is gradual, occurring over an
interval of 0.3 to 1.0 cm, from coarse sand
to silt to fine sand. The colour also changes
along this transition, from green to
white/cream. Above this bed, the lower part
of the UCL succession is dominated by
coralline algae material. The lower 7 m in
Santi and Ghajn Tuffieha, as well as the
lower 5 m in Rdum Majjiesa (Figure 2), are
comprised of alternating crustose coralline
algae (CCA) bindstone (Figures 3a & 3b),
and rhodolithic bafflestone to floatstone
(Figure 3c) interbedded with fine-grained
mudstone to wackestone. The rhodoliths
are 5 to 10 cm in diameter, and are for the
most part spherical and well-rounded,;
smaller (0.5 to 2 cm) coralline nodules are
AP - ST present and bound in the CCA beds.
Figure 2: columnar sections of the investigated outcrops showing the Solitary corals were also encountered in
present facies and features in each locality. some cases. Some fragmentation of
rhodoliths were observed in Santi and Ghajn Tuffieha. No algal constructions were encountered in the
Anchor Bay outcrop; instead, we observed mixed coralline algae and larger benthic foraminifera (LBF)
grainstone to rudstone, also alternating with mudstone to wackestone (Figure 3d). Bivalve and echinoid
fragments are present in all of these facies. At Anchor Bay, channels are present between 4 m and 9.5 m
above the base of the section (Figure 3e); these are filled with a mixture of intraclasts (grainstone to
wackestone); serpulids (Figure 3f) are located at the bottom and walls of some of the channels.

-

Mixed coralline algae and LBF packstone to grainstone mark the middle part of the UCL at Rdum Majjiesa,
Santi and Anchor Bay. Planar and hummocky cross-stratification can be identified in Anchor Bay and
Rdum Majjiesa. Above this part, coarser-grained facies (bindstone/bafflestone) are observed in these
outcrops. At Rdum Majjiesa, one horizon with corals (Porites?) was encountered ~15m above the base of
the section in poor exposure conditions. The top of the section at Santi is an oyster-rich horizon, also
containing limpets (Figure 3g). Meanwhile, at Rdum Majjiesa (Figure 3h) and Bobbyland (Figure 3i), the
top of the unit was comprised of cross stratified coralline algae and LBF packstone to grainstone. The mode
of cross-stratification alternates (Figure 3h) and includes herringbone, planar and hummocky cross-
stratification.

The deposition geometry at the outcrops level is poorly expressed. Beds appear to be relatively continuous
along a northwest-southeast trend but less so in the perpendicular direction. Where cross-stratification was
observed, both the herringbone and the planner stratification were oriented north-east to south-west. In none
of the surveyed site were lateral transitions of the coralline facies observed. Some outcrops exhibit well-
pronounced clinoforms, either as small bedding scale features dipping to the north to northeast as observed
at Rdum Majjiesa (Figure 4a-b), or large scale clinoforms dipping towards the north to the northwest as
observed at Mellieha (Figure 4c-d). At Rdum Majjiesa, these clinoforms were comprised of rhodolites,
coralline nodules, coralline or LBF sand.

Pre-Print Sequence stratigraphy of the Upper Coralline Limestone Page | 5 of 19



Figure 3: Facies occurrence in the UCL: a. alternating bafflestone layers and mudstone to wackestone, Ghajn Tuffieha; b.
alternating bindstone and wackestone, Ghajn Tuffieha; c. rhodolithic floatstone, Santi; d. alternating packstone and grainstone
layers, Anchor Bay; e. channel fill conglomerate (lithoclastic floatstone, clasts comprised of grainstone); Anchor Bay; f. seprolidic
bafflestone, Anchor Bay; g. Limpet on background of a packstone layer, Santi; h. imbricated lithoclastic (clasts comprised of
grainstone) floatstone, Bobbyland. White scale bar, 10cm, black scale bar 1cm.

Figure 4: Large scale sedimentary features in the UCL. a. (original photos) and b. (bedding highlights) show large inclined
bedding at Rdum Majjiesa. c. (original photos) and d. (bedding highlights) shows large scale clinoforms at Mellieha.
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Seismic reflection data

Within the designated study interval, five seismic facies were identified. SF1 - High amplitude continuous
reflections with downlap or onlap configuration; SF2 — chaotic low amplitude reflections; SF3 — low to
medium amplitude inclined, clinoform-like reflections, often expressing downlap; SF4 — low to medium
amplitude sub-horizontal non-continuous reflections, often exhibiting ponding and onlap geometries; SF5
— medium amplitude horizontal to sub-horizontal continuous reflections.

The seismic facies relations are best represented along a shore-parallel transect between the islands (Figure
5). SF5 characterizes the lower part of the investigated interval. It terminates to the south by a truncation
and to the north by a pronounced strong reflection. The extent of this facies was delineated as SU1 (Figure
5b). Above this unit are lateral transition between SF2, SF3 and SF4 (Figure 5c¢), capped by a pronounced
reflection above which this pattern is repeated. These lateral elements were delineated as SU2 and SU3,
with the SF2 and SF3 as the “a” subunit and SF4 as the “b” subunit. All units are truncated by a strong
reflection above which SF1 is dominant; this was selected as the base of SU4, which extends above it until
the seafloor. Unit thickness is not consistent, increasing between the islands and deceasing towards the
shore, and conform to the horst and graben structure (Figure 6). The inter-island area includes grabens
(Figure 6b) with thickness increasing towards the centre and decreasing towards the margins. The base of
SF1 and top of SF5 rises towards the landmasses (Figures S2 and S3) illustrating these trends.

WEW ENE

TWT S

TWT M8

TWT S5

[ | Pio-Quatemary I uct bicherm tacies [ | Piio-Quatemnary B uct bioherm facies
[ vcL aminated facies [ sub ucl strat i | UL laminated facies [ subuct strat
[: UCL clincform facies I:l UCL clinoform faces

Figure 5: Uninterpreted (a) delineated (b) and interpreted (c) time
migrated section (a), line MGT16_77 trending approximate WSW-
ENE. Seismic facies are shown in c. SF1 in yellow, SF2 in dark
orange, SF3 in light orange SF4 in pink and SF5 in blue.

Figure 6: Uninterpreted (a) delineated (b) and interpreted (c) time
migrated section (a), line MGT16_106 trending approximate NNW-
SSE. Seismic facies are shown in c. SF1 in yellow, SF2 in dark orange,
SF3in light orange and SF4 in blue.
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Interpretation

Outcrops

Both coralline bindstone and bafflestone to floatstone are indicative of deposition within the photic range
of the water column, although they can reach into the mesophotic depth, and are not substantially affected
by salinity or temperature (Adey and Macintyre, 1973; Kahng et al., 2010). Prior studies (Bosence and
Pedley, 1982; Pedley, 1979, 1978) had identified the primary algae encruster as Lithophyllum and
Mesophyllum, with encrusting foraminifera and bryozoans also present. The alternation of coralline
bindstone and rhodoliths suggests variation in water agitation as rhodoliths are formed in an environment
with more disruption (Williams et al., 2018). The high sphericity of the rhodoliths also points to a higher
energy setting (Aguirre et al., 2017). The fragmentation of the rhodoliths within the lower parts of the
section in Santi and Ghajn Tuffieha point to a relatively energetic environment, although the presence of
fine grains in all localities suggests that energy is intermittent. In localities not dominated by coralline algae
construction (e.g. Anchor Bay, Bobbyland), coralline material is being transported in addition to LBF. It is
unclear if the channels observed in Anchor Bay are purely subaqueous, although the absence of exposure-
related features appears to support this interpretation. Given the occurrence of large grain fill, it is most
likely that they represent a high energy environment, possibly of the shallow sublittoral. These all point to
a wide energy range across the deposition of the UCL, spatially as well as temporally.

Fauna present within this upper portion of the unit, such as limpets, suggest a littoral to sublittoral position
(Meadows and Campbell, 1972). This interpretation is also supported by the presence of herringbone cross-
stratification in Rdum Majjiesa, indicating intertidal conditions (Nichols, 2009). This interplay with
hummocky and planar cross-stratification indicates a relatively shallow and energetic environment but with
significantly more turbidity, which limited the ability of coralline algae to colonize. Pedley (1979) noted
that the coralline bioherms would have generated a patchwork of different energy states around them, which
would allow for varying energy state over a short distance until topography is filled. While there are some
bioherm construction and accretion of coralline bindstone ( ), both laterally and vertically, it is
mostly local. The larger-scale structure observed at the outcrop-level ( ) points to lateral distribution
of material with periods marked by progradation.

With this in mind, the alternation in accretion mode of the coralline algae between bindstone and rhodoliths,
and the interruptions of finer grain layers between the coralline horizons ( ), may be interpreted as
short term depositional cycles, either autocyclic or allocyclic, developing by the interaction between
production by the calcifying factory and accommodation space. While effects like storms and variation in
runoff could disrupt coralline accumulation (Dulin et al., 2020), no storm deposits were encountered. Malta,
being an isolated platform, would have limited potential for runoff.

These smaller cycles integrate into two larger-scale cycles, which could be inferred from their accretion
pattern. The occurrence of coastal and littoral deposits, serpulids and corals help identify key surfaces
bounding these cycles. This is in line with prior studies by Pedley (1996, 1979, 1976) and Cornée et al.
(2004); the latter, in particular, noted the termination of the corals as a major transgressive surface. The top
of the second cycle as encountered in both Bobbyland and Rdum Majjiesa is defined by cross-bedded
grainstone with coastal characteristics; this is not the case for the first cycle, which exhibit a more complex
pattern. In addition, the second cycle was not encountered in all locations, suggesting it was eroded or was
not emplaced at all. These elements suggest that the termination of the second cycle occurred with less
available accommodation space than the first cycle.

Pre-Print Sequence stratigraphy of the Upper Coralline Limestone Page | 8 of 19



Seismic reflection data

SU4 overlays a significant unconformity and exhibits a significant shift in seismic facies. Based on existing
knowledge of the configuration of deposits on the Maltese platform (Gatt, 2007; Max et al., 1993; Micallef
et al., 2011; Osler and Algan, 1999), the deposits of SU4 are most likely Plio-Quaternary and the base of
this unit is an unconformity related to the MSC (Messinian erosional surface) or the subsequent Zanclean
megaflood (Garcia-Castellanos et al., 2020). The underlying SU3 would therefore be part of the UCL. The
unit is truncated, and its thickness decreases to O to the south-west ( ).

The lateral continuation from SF2 to SF4 ( ) observed in both SU3 and SU2 point to similar
depositional systems in both units. The morphology observed by SF2 is consistent with the seismic
character of a carbonate buildup (Burgess et al., 2013). Its position relative to the Islands also suggests these
structure could be the lateral continuation of the UCL main bioherms observed in the outcrops (Pedley,
1979, 1976). As such SF2 is interpreted as a bioherm, which would suggest that both SU3 and SU2
combined are the equivalent of the UCL, with each unit representing a depositional cycle. The maximum
thickness of this combined unit is ~100 ms, which is comparable to the maximum thickness of ~80 m
reported by Cornée et al. (2004) for the UCL. By extension, SF3 would probably mark largescale clinoforms
spilling off the main bioherm, as observed onshore ( ), and SF4 would be a protected environment
behind the outer bioherms. The onlap contact of SF4 suggests that this facies was deposited in the later part
of the depositional cycle, filling up available accommodation space. Schlager (2005) defined the C type
carbonate factory as one dominated by material from a biological source rich in heterotrophic organisms,
larger benthic foraminifera and coralline algae. This differs from the type of carbonate production in tropical
carbonate platform (also called T factory). Whereas in the T factory construction is for the most part of a
ridged framework, in the C type factory typically produces skeletal hash of sand-to-granule size grains.
Grain generation in a coralline dominated C type factory, such as the UCL, would be a significant
contributor to its immediate environment, although the position and main production zone might move
laterally in response to change in sea level.

The underlying horst and graben structure of the Maltese Archipelago (Dart et al., 1993) predated the
deposition of the UCL, and the offshore deposit conforms to the pre-existing structure ( ). This may
suggest that the deposits observed in the seismic reflection data were deposited in a lower topographic
position, with possible overspill from Malta and Gozo observed on the margins of the grabens ( ).
This would point to the fill by SF4 to be a lateral transport for a migrated main production zone with the
increasing water level.

Finally, SU1 contains within it the pre-UCL units that include the Globigerina Limestone, Blue Clay and
Greensand. Given that the thickness of the Greensand is only a few meters (Pedley, 1978), it is probably
not observed in the seismic data and/or incorporated in the Base UCL horizon. Therefore the upper part of
SU 1 is considered to be the Blue Clay formation.

Discussion
The most recent model of global sea-level change in the late Miocene (Miller et al., 2020) depicts a base
level rise of ~20 m in the late Tortonian (~8 to 7.5 Ma, ). After this rise, mean sea level remained

relatively static until the MSC. Baldassini and Di Stefano (2017) inferred that the age of the base of the
Upper Coralline Limestone is at ~8 Ma and the top of it lies within the MNN11 nanofossil zone.
Dolomitization appears to have occurred wherever such interaction took place (de Lange and Krijgsman,
2010; Manzi et al., 2011; Sabino et al., 2020). However, no dolomite was detected in the mineralogical
analysis, suggesting minimal interaction of hypersaline MSC waters with any of the Maltese deposits. This
limits the age of the top of the UCL to no more ~6 Ma. The emplacement of a shallow water unit atop a
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deepwater unit such as the Blue Clay formation (Abels et al., 2005), while sea level was rising, already
suggests a major uplift of the Maltese barrier during the late Miocene. By examining the 8Sr/®®Srcarmonate
record of the Eastern Mediterranean at the time ( ; Flecker and Ellam, 2006; Schildgen et al., 2014),
we note that they exhibit significantly lower values when compared with the coeval oceanic reference value
(McArthur et al., 2001). Lower values are also observed in the central Mediterranean (Kocsis et al., 2008;
Schildgen et al., 2014; Sprovieri et al., 2004), but these are no lower than 0.70887, while the samples in the
Eastern Mediterranean can be lower than 0.70880. These values are still higher than the departure observed
during the MSC (Flecker et al., 2002; Mdller and Mueller, 1991; Roveri et al., 2014b), but the trend is in
the same direction. Overall the & Sr/%Sr ratio of the ocean is governed by the balance between continental
weathering and hydrothermal supply from mid-ocean ridges (Jones et al., 1994). However, in a restricted
basin, the contribution from terrestrial sources may overprint the oceanic signal. Combining these two lines
of evidence, we suggest a restriction of exchange between the Eastern and Western Mediterranean due to
uplift of the terrain between Sicily and Tunisia. This uplift appears to have been driven by the aftermath of
the collision between the African margin and the Sicilian block (Jongsma et al., 1985), with a total uplift of
>500m during the Tortonian to the earliest Pliocene (Yellin-Dror et al., 1997). No clear indication of such
movement is observed in the seismic data available for this study. Paleodepth estimation at the top of the
Blue Clay formation (Serravallian) is estimated at 150 to 200m (Digeronimo et al., 1981; Jacobs et al.,
1996), while in the upper part of the UCL (upper Messinian) we identified coastal to littoral deposits.
Considering that the total thickness of the UCL deposits is <30m, the filling of accommodation space alone
could not account for these observations. The total accommodation is also offset but ~25m of sea-level rise
during the deposition of the UCL (Miller et al., 2020, ), suggesting an uplift of at least 150m in
Malta.

Our observations point to the emplacement
. of two cycles of shallow-water deposits in
s e, the UCL formation terminating near sea
‘ level, indicating that accommodation space
i roreme  Was available for the establishment of two
§ cowea o= depositional cycles and topography fill by a
3 ‘ "% carbonate factory. Each cycle ( )
I A LA L begins with the local establishment of
\*"'«‘*/'\w;/\"/ v\' V "'~,. bigherms, which grow vertically with a
' Ak 1T lateral component (aggradation-
\/ i\ (il progradation), followed by a phase of
<— UCL cycle 2 — 7 — UCLcycle 1 -] | lateral growth (progradation) and finally a
stage of accommodation fill (aggradation).

The initial two phases would be comparable

Uplift of the Maltese barrier — to the initial shallowing upwards phase

| Toonien observed in the outcrops, with the
a T R A aggradational phases being comparable to

Figure 7: Temporal context of the deposition of the UCL, Sr isotopes  the deepening upwards phase. The

record of the Eastern (Flecker and Ellam, 2006; Schildgen et al., 2014) available timeframe of emplacement of the

and Central .(Kocsis et al., 2098; Schildgen et al., 2014; Sp.rovieri et al., UCL (from ~8 t0 ~6 Ma), and the known
2004) Mediterranean relative to the coeval oceanic reference

(McArthur et al.,, 2001). Global sea level (Miller et al.,, 2020) and eustatic sea-level patterns (M_Iller et al,
proposed relation to the deposition of the UCL cycles. 2020), suggest that the depositional cycles
are of the order of 1 Ma each, likely

governed by a 1.2 Ma eccentricity modulated astronomical frequencies, and represent two 3™ order cycles
(Boulilaetal., 2012). This overall trend of fill points to limited accommodation space generation, facilitated
only by the coeval sea level rise ( ), as well as possibly by local tectonics forming local basins. This
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is evident by the conformity of the sediment to the normal faults observed in the seismic data ( ).
The overall stress field at the time would have been a compressional one along a north-south vector due to
collision. This compression generated an extensional regime along an east-west vector in the late Miocene
and early Pliocene (Civile et al., 2008). This trend was further enhanced by coeval rifting along this
direction (Belguith et al., 2013; Corti et al., 2006). While this process would have generated local basins,
the overall effect would have been to magnify the total uplift of the barrier.

Conclusions

Over the late Miocene, the area around the Maltese Archipelago has experienced a significant uplift. This
uplift raised the Maltese Islands to a water depth that allowed the emplacement of a shallow-water carbonate
unit in the form the Upper Coralline Limestone formation. This unit was deposited during two depositional
cycles, both with a strong trend of accommodation space fill. The mode of emplacement and overall
geometry suggests a very shallow position of the Malta Plateau, conforming to an existing tectonic structure
already present in the late Miocene. This uplift appears to have played a role in restricting connectivity of
the water masses between the east and west Mediterranean prior to the onset of the MSC. This could have
played an important role in triggering halite deposition in the larger eastern basin prior to salt deposition in
the Western Basin. This uplift would have restricted flow to the eastern basin at a time when the western
basin was still relatively well connected to the Atlantic Ocean and could have played a pivotal role in the
observed differences in deposits between the two basins during the MSC.
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Figure S1: extrapolated depth in ms of the base of the UCL.
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Figure S2: extrapolated depth in ms of the top of the UCL.
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