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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, situ-
ated atop this topographic high, offers a unique window into the evolution of this pla-
teau in the lead up to the Messinian Salinity Crisis. The Upper Coralline Limestone
Formation was deposited between the late Tortonian and the early Messinian and
was probably terminated by palaeoceanographic events related to the Messinian
Salinity Crisis. It represents the youngest Miocene sedimentary deposits outcrop-
ping in the Maltese archipelago. This shallow-water carbonate unit can be used to
trace palaeoenvironmental 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 Messinian Salinity Crisis. Here field
surveys, and analysis of the depositional environment within the Upper Coralline
Limestone in Malta, are combined with recently acquired multichannel seismic re-
flection profiles between Malta and Gozo, to reconstruct the depositional sequence
in the Malta Plateau during the late Miocene. The Upper Coralline Limestone con-
sists of multiple coralline and larger benthic foraminifera dominated facies, extend-
ing 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 a 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
are indicative of a preceding uplift phase followed by filling of the accommodation
space through the deposition of the Upper Coralline Limestone Formation in shal-
low marine depths. The presence of this highly elevated sill during the late Miocene

could have restricted circulation to the eastern basin.
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1 | INTRODUCTION

The Messinian salinity crisis (MSC, 5.97-5.33 Ma) was the
result of extreme restriction of the Mediterranean Sea from
the Atlantic Ocean (Hsii 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 signifi-
cantly thicker deposits than the Western Mediterranean
(Haq et al., 2020), indicating a marked difference in hy-
drology during the MSC. While it is accepted that evapo-
rite deposition was synchronous in both the Western and
Eastern Mediterranean (Krijgsman et al., 2002; Meilijson
et al., 2018, 2019), 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 oc-
curred via a massive waterfall over the Maltese Escarpment
due to overflow from the Western Basin (Garcia-Castellanos
et al., 2020; Spatola et al., 2020).

The *’St/*°Sr isotope ratio 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 number and composition
(Buchbinder, 1996), notably in respect to coral assemblages
and presence. Reduction of availability of cold oceanic wa-
ters was suggested as playing a role in this (Coletti et al.,
2019; Esteban, 1979). 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
ca 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). The region is tectonically complex 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 activity 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, the focus is placed on the sed-
imentary evolution of this area and, mainly, on the deposi-
tional sequence of the late Tortonian and Messinian ages,
prior to the MSC. The aim here is to study and delineate the

evolution of the sequence during this time. By integrating
outcrop and seismic reflection data, it is hoped to explore
possible indications of vertical fill that could have resulted
in the restriction of water exchange between the Eastern
and Western Mediterranean.

2 | GEOLOGICAL SETTING

The Maltese archipelago is a relic of an ancient carbonate
platform located in the north-eastern part of the Pelagian
Block and initially formed during the Palaeogene (Gatt &
Gluyas, 2012; Micallef et al., 2016). The greater structure
dates back to the early stages of the Tethys Ocean, and
since then has been relatively higher than its surroundings
(Jongsma et al., 1985). During the late Miocene, this area
experienced further uplift driven by SE-NW directed hori-
zontal 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 (GS, Baldassini & Di Stefano, 2017; Catanzariti
& Gatt, 2014).

The UCL is a calcareous shallow marine succes-
sion 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, ca 8 Ma; Baldassini
& Di Stefano, 2017), while the age of its uppermost part is
unknown and inferred to be either shortly after the MSC
(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). The UCL does not exhibit any
of the extreme stress features reported in the Calcare di
Base (Borrelli et al., 2020), which marks the onset of the
MSC in Sicily. Thus, it probably represents more moderate
temperature/salinity conditions. The geometry of the UCL
was inferred to be a belt of coralline bioherms (Bosence
& Pedley, 1982; Pedley, 1976) aligned SE-NW along the
southern margin of the island, and developing atop a pa-
laeorelief. 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.
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3 | METHODS chosen for study (from north to south, Figure 1): Anchor Bay

(35.93°N/14.34°E; 13m), Rdum Majjiesa (35.94°N/14.33°E;
3.1 | Field data 18m), Ghajn Tuffieha (35.93°N/14.34°E; 8.5m), Santi

Fieldworkin 2017 included a systemic survey of UCL outcrops
on the western side of the island of Malta. Five outcrops were

TABLE 1

settings and water depth

Member

Gebel Imbarkk

Tal-Pitkal

Mtarfa

Ghajn Melel

Water depth (mbspl)

o

Bed Sub bed

Qammieh

Tat-Tomna

Depiru Ghadira
Ghar Lapsi
Sensustricto

Rabat Plateau

Rdum il-Hmar

Gebel Mtarfa
Coralline Algal

bioherm
Zebbug
Ghajn Znuber

Fig. 6

Mellieha

Bobbyland

(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-
Qammieh; Ras il-Pellegrin; Mellieha; the range between

Thickness

(m) Water depth

25 Intertidal to very shallow
subtidal (0—ca 5 m)

2.3 Intertidal (O—1 m)

>23 Intertidal to very shallow
subtidal (0-ca 5 m)

25 Intertidal to very shallow
subtidal (0-ca Sm)

3 <25m

? 12-15m

12 <100 m

7

16 >50 m

16.5 <50 m

5.1 Sublittoral (<200 m)

Geological units
Upper coralline limestone
B Blue Clay

\ [ Upper Globigerina limestone

Middle Globigerina limestone

Lower Globigerina limestone

Lower coralline limestone
— Fault

0 250 500 km
-

Original subdivision of the UCL (Bosence & Pedley, 1982; Pedley, 1976, 1978) to members and beds, their assigned depositional

Environment

Restricted intertidal to shallow
marine (coastal lagoon?)

Open intertidal to shallow marine

Open intertidal to shallow marine

Intertidal to shallow marine, pos.
restricted

Open marine shallow waters
*1 m marl layers are present

Open marine shallow waters
Mid shelf open marine
Mid shelf open marine

Mid shelf open marine

Mid shelf open marine

Mid to outer shelf open marine, Pos.
at interaction with OMZ

FIGURE 1
Maltese archipelago showing the location

Geological map of the

of the study sites and area covered by the
seismic survey. Location of outcrops shown
in Figure 2 and columnar sections shown

in Figure 3 are noted in red with names.
Arrow in the inset map shows the location
of the Maltese archipelago in the modern
Mediterranean
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FIGURE 2 Overview photographs

of the outcrops logged (clockwise): (A)
Anchor Bay; (B) Rdum Majjiesa; (C) Santi;
(D) Ghajn Tuffieha; (E) Bobbyland. White
scale bar is I m

North West South East
-~ —_—
=== Planar cross stratification == CCA bindstone
SIS Herringbone cross stratification 4  Rhodolithic bafflestone to floatstone | s Bobbyland

=== Hummocky cross stratification

2,05 Conglomerate (lithoclastic floatstone)

Rdum Majjiesa

Anchor Bay

M WP GF RBaBI

Santi

o

FIGURE 3 Columnar sections of the
investigated outcrops showing the present

Elevation above UCL base (m)

facies and features in each locality. The
horizontal axis for each column indicates
the Embry and Klovan (1971) class of
each part of the section. M—Mudstone;
W—Wackestone; P—Packstone; G— 0 veL

Green Sand Green Sand Green Sand

M WP GF RBaBi

Grainstone; F—Floatstone; R—Rudstone;

Ba—Bafflestone; Bi—Bindstone THwr G R MW GFRBas MWFGFRBas
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Blata tal-Melh and Rdum tal-Vigarju; Rdum il-Hmar and the
Bingemma syncline (white markers in Figure 1) were vis-
ited to examine the appearance and larger scale geometries.
Facies description at the outcrop-level of the unit was done
using the modified Dunham (1962) classification by Embry
and Klovan (1971). These outcrops were selected to repre-
sent a near-complete picture of the UCL depositional se-
quence in Malta; they contain 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 analysed
using an XRD Rigaku MiniFlex 600 benchtop X-ray diffrac-
tometer (30 kV/10 mA from 3° to 70° at 0.05° increments by
point detector) to test viability for geochemical analysis.

3.2 | Geophysical data

Seismic interpretation was carried out on 240 km of multi-
channel seismic reflection profiles from the Gozo Channel
project (Figure 1, more detailed image shown in Figures S1—
S3) using a mini GI gun with a total volume of 1 L (60 cu.
in.). A shot point distance of 15.625-18.750 m and a re-
cording 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 common depth point (CDP). The process-
ing sequence included amplitude recovery, band-pass filter-
ing, CDP sorting, pre-stack deconvolution, velocity analyses,
normal move out correction and stacking.

Based on existing knowledge (Pedley, 1976), this inves-
tigation has been limited to the upper 200 ms of the seismic
data. The sequence has been subdivided into Seismic Units
(SUs) based on unconformities and seismic facies. These
SUs were numbered from bottom to top.

4 | RESULTS

41 | Outcrops

4.1.1 | Anchor Bay

The Anchor Bay outcrop (Figures 2A and 3) exposes ca 13 m
of the UCL. The outcrop is in a channel excavated during
road construction leading into a local embayment. The base
of the outcrop is above the GS/UCL contact; the contact can
be identified underwater in the embayment. The lower 3.5 m
of the section consist of alternating layers of fine-grained fa-
cies mudstone/wackestone/packstone and coarser-grained
grainstone/floatstone rich in mixed coralline algae and large
benthic foraminifera (LBF) facies (Figure 4A). This initial

FIGURE 4 Facies occurrence in

the UCL: (A) Alternating packstone and
grainstone layers, Anchor Bay; (B) serpulid
bafflestone, Anchor Bay; (C) channel

fill conglomerate (Intraclastic floatstone,
clasts comprised of grainstone), Anchor
Bay; (D) coral beds, corals are noted by
arrows, Rdum Majjiesa; (E) alternating
cross-stratification grainstone at the top of
the Rdum Majjiesa section; (F) alternating
bafflestone layers and mudstone to
wackestone, Ghajn Tuffieha; (G) alternating
bindstone and wackestone, Ghajn Tuffieha;
(H) rhodolithic floatstone, Santi; (I)
coralline packstone to floatstone exhibiting
weak cross-stratification, Santi; (J) Limpet
on background of a packstone layer, Santi;
(K) imbricated lithoclastic (clasts comprised
of grainstone) floatstone, Bobbyland
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section is truncated by an erosion channel identified in this
outcrop. This channel is filled with coarse-grained intra-
clasts, and serpulids (Figure 4B) have been identified at the
base of the channel. Floatstone/rudstone facies are present
up to 6 m, above which the facies change to planar cross-
stratified packstones capped by hummocky cross-stratified
layers terminated by the second erosion surface identified at
Anchor Bay. The infill floatstone layer is capped by a mud-
stone layer (Figure 4C), and the section terminates with 2 m
of coarse-grained material. All samples analysed from this
outcrop were >90% low-Mg calcite.

412 | Rdum Majjiesa

The Rdum Majjiesa section (Figures 2B and 3) outcrops
in the Majjistral National Park (Figure 1) and comprises
around 20 m of exposed UCL. Just like in the Anchor
Bay section, neither the GS Formation nor the base of the
UCL has been identified in the field. The lower 5 m of
the section is composed of layers of thin, centimetre-scale
mudstone/wackestone beds alternating with thicker crus-
tose coralline algae (CCA) bindstone and rhodolithic baf-
flestone to floatstone facies. The rhodoliths are 5—10 cm
in diameter, and are for the most part spherical and well-
rounded; smaller (0.5-2 cm) coralline nodules are present
and bound in the CCA beds. Solitary corals were also
encountered in these bed sets. The mid-part of the sec-
tion consists of ca 5 m of mixed coralline algae and LBF
packstone to grainstone beds. Planar cross-stratification
is present in these beds, which are then followed by an-
other sequence of mudstone/wackestone alternating with
CCA bindstone and rhodolithic bafflestones to floatstone.
This sequence is terminated by an unconformity. A coral
(Porites?; Figure 4D) bed has been identified at ca 15 m
from the base of the section and the section terminates
with 2 m of herringbone to planar to hummocky cross-
stratified coralline algae and LBF packstone/grainstone
beds (Figure 4E). All samples analysed from this outcrop
were >90% low-Mg calcite.

4.1.3 | Ghajn Tuffiecha—Qarraba

The base of the outcrop at Ghajn Tuffieha Bay and Qarraba
Bay (Figure 2C) expresses a gradual contact from the un-
derlying GS Formation consisting of ca 1 m of glauconitic
mudstone facies, which transitions into a ca 40 cm packstone
bed representing the base of the UCL. Following this bed, the
outcrop is dominated by coarse-grained beds of rhodolithic
floatstone to bafflestone and CCA bindstone interspersed
by thin mudstone/wackestone beds (Figure 4F,G). The rho-
doliths are 5-10 cm in diameter and are for the most part,

spherical and well-rounded. As of ca 7.5 above the base of
the section, all material was heavily karstified and recrystal-
lised. All samples analysed from this outcrop were >90%
low-Mg calcite.

414 | Sant

The Santi section outcrops (Figure 2D) along the country
road near the village of Santi, ca 16 m of the UCL are ex-
posed in this location above a visible contact with the GS
Formation The base of the section consists of a grainstone
bed that transitions into a ca 4 m layer of CCA bindstone,
rhodolithic bafflestone to floatstone (Figure 4H) and some
layers of wackestone/packstone of varying thicknesses.
Weak cross-stratification is observed at times (Figure 41).
The rhodoliths are 5-10 cm in diameter and are for the most
part, spherical and well-rounded. The mid-part of the section
consists mostly of LBF and mixed coralline algae packstone
to grainstone facies. This part of the sequence is capped by
an oyster-rich horizon that also contains limpets (Figure 4J).
Given that this outcrop is farther inland than the other out-
crops and that these components were found embedded, they
are considered to be original. All samples analysed from this
outcrop were >90% low-Mg calcite.

4.1.5 | Bobbyland
The Bobbyland outcrop along Dingli Cliffs (Figure 2E) con-
tains 4 m of carbonate facies from the top of the UCL. These
units have some similarities to the upper beds observed at
Rdum Majjiesa and consist mostly of LBF and coralline
algae planar cross-stratified beds (Figure 4K). All samples
analysed from this outcrop were >90% low-Mg calcite.

4.1.6 | General geometry

The deposition geometry at the outcrop-level is poorly ex-
pressed. Beds appear to be relatively continuous along a
NW-SE trend but less so in the perpendicular direction.
Where cross-stratification was observed, both the herring-
bone and the planar stratification were oriented NE-SW.
In none of the surveyed sites were lateral transitions of
the coralline facies observed. Some outcrops exhibit well-
pronounced clinoforms, either as small bedding-scale fea-
tures dipping to the north to north-east as observed at Rdum
Majjiesa (Figure 5A,B), or large-scale clinoforms dipping
towards the north to north-west as observed at Mellicha
(Figure 5C,D). At Rdum Majjiesa, these clinoforms were
comprised of rhodolites, coralline nodules, coralline or
LBF sand.
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FIGURE 5 Large-scale sedimentary
features in the UCL. (A) Unretouched
photograph and (B) bedding highlights
show large inclined bedding at Rdum
Majjiesa. (C) Unretouched photograph and
(D) bedding highlights show large-scale
clinoforms at Mellieha

4.1.7 |

Seismic reflection data

Within the designated study interval, five seismic facies were
identified. SF1I—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—Ilow to me-
dium amplitude sub-horizontal non-continuous reflections,
often exhibiting ponding and onlap geometries; SF5—medium
amplitude horizontal to sub-horizontal continuous reflections.

The seismic facies relationships are best represented along
a shore-parallel transect between the islands (Figure 6). SF5
characterises 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 de-
lineated as SU1 (Figure 6B). Above this unit are lateral tran-
sitions between SF2, SF3 and SF4 (Figure 6C), 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 sea floor. Unit thickness is not consistent, in-
creasing between the islands and deceasing towards the shore,
and conforms to the horst and graben structure (Figure 7). The
inter-island area includes grabens (Figure 7B) with thicknesses
increasing towards the centre and decreasing towards the mar-
gins. The base of SF1 and top of SF5 rises towards the land-
masses (Figures S2 and S3) illustrating these trends.

4.2 | Interpretation

42.1 | 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 tempera-
ture (Adey & Macintyre, 1973; Kahng et al., 2010). Prior
studies (Bosence & Pedley, 1982; Pedley, 1978, 1979) had
identified Mesophyllum and various other Corallinales taxa
associated with encrusting foraminifera and bryozoans as the
main carbonate producers. Such coralline algal assemblages
dominated by Mesophyllum and Corallinales are generally
associated with shallow-water (20-40 m) regimes (Aguirre
et al., 2000; Cabioch et al., 1999; Coletti & Basso, 2020;
Minnery et al., 1985). The alternation of coralline bindstone
and rhodoliths suggests variation in water agitation as rho-
doliths 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;
Basso, 1998; Bosence, 1983). The fragmentation of the rho-
doliths within the lower parts of the section in Santi and
Ghajn Tuffieha points to a relatively energetic environment,
although the presence of fine grains in all localities suggests
that energy is intermittent. In localities like Anchor Bay,
where coralline algal bindstones are not dominant, the pres-
ence of channelised features (Figure 3E) suggests that the
observed coralline algal and LBF grainstones to rudstones
consist of transported material. 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. One interpretation related to the occurrence
of these large grain infills is that these indicate a high en-
ergy environment in shallow sublittoral settings (Bassi et al.,
2017; Coletti et al., 2015). This further points to a wide en-
ergy range across the deposition of the UCL, spatially as well
as temporally.

Fauna present within this upper portion of the unit, such
as limpets, suggests a littoral to sublittoral position (Meadows
& Campbell, 1972). This interpretation is also supported by
the presence of herringbone cross-stratification in Rdum
Majjiesa, indicating intertidal conditions (Nichols, 2009).
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FIGURE 6 Uninterpreted (A) WSW

delineated (B) and interpreted (C) time-
migrated section. (A) Line MGT16_77
trending approximately 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
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TWT (MS)

Bioherm

Blue Clay

I:l Plio-Quaternary
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Pedley (1979, 2011), also noted the presence of stromato-
lites (Qammieh Beds) and oolites (Gebel Imbark Member),
both indicating tidal to peri-tidal conditions. Stromatolites
could also be subtidal but in any case would indicate restric-
tion (Meilijson et al., 2015). This interplay with hummocky
and planar cross-stratification indicates a relatively shallow
and energetic environment. The sediment mobilisation and
continued deposition limited the availability of a hard sub-
strate, which limited the ability of coralline algae to colo-
nise. Pedley (1979) noted that the coralline bioherms would
have generated a patchwork of different energy states around
them, which would allow for varying energy states over
a short distance until topography is filled. While there are
some bioherm construction and accretion of coralline bind-
stone (Figure 4F), both laterally and vertically, this is mostly
local. The large-scale structure observed at the outcrop-level
(Figure 5) points to lateral distribution of material with peri-
ods marked by progradation.

With this in mind, the alternating accretion mode of the
coralline algae between bindstone and rhodoliths, and the
interruptions of finer grain layers between the coralline hori-
zons (Figure 3), may be interpreted as short-term depositional
cycles, either autocyclic or allocyclic, developing by the in-
teraction between production by the calcifying factory and
accommodation space. While effects like storms and vari-
ation in runoff could disrupt coralline accumulation (Dulin
et al., 2020), no storm deposits were encountered. Malta,
being an isolated platform with little land area in which rain-
fall could accumulate, would have limited potential for local
runoff generation.

The mineralogy of the UCL in the outcrop is not primary
as the original constituents are dominantly high-Mg calcite
(e.g. coralline algae) or aragonite (e.g. corals). This mineral
assemblage suggests that material had been recrystallised at
some point post-deposition. The absence of dolomite sug-
gests an open system that allowed removal of the Mg. The
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implication of this would be that any geochemical analysis
would inform of the diagenetic rather than the primary con-
ditions (Huber et al., 2017).

The small-scale cyclic nature of coarse-grained rud-
stone/bindstone to mudstone/packstone as described here
at Rdum Majjiesa, Ghajn Tuffieha and Santi can be in-
terpreted as high-frequency cycles that integrate into two
large-scale cycles. These lower-order cycles govern the
deposition of the UCL in the late Tortonian and early
Messinian (Figure 3). It is not possible at present to deter-
mine if the higher-order cycles are autocyclic or allocyclic.
Given the enhancement of glaciation in the late Miocene
(Holbourn et al., 2013), the large-scale cycles are probably
glacioisostatic of third order or higher. These large-scale
cycles are expressed differently in the various sections due
to the significant variability of depositional environment
across the platform with the emplacement of the UCL.
Key surfaces delineating the termination of the first cycle

- UCL bioherm facies
|:| Sub UCL strat

are the occurrence of coastal and littoral deposits (Ghajn
Tuffieha and Santi), serpulids (Anchor Bay) and corals
(Rdum Majjiesa). This is supported by previous works
(Cornée et al., 2004; Pedley, 1976, 1979, 1996), which
noted that cessation of coral growth represents a major
transgressive surface. No clear termination of the second
cycle was found as there was no overlying deposition. Yet,
the top part of this second cycle is defined by cross-bedded
grainstones with coastal characteristics (Rdum Majjiesa
and Bobbyland). These observations suggest that deposi-
tion of the second cycle took place with less available ac-
commodation space than the first cycle.

4272 | Seismic reflection data

SU4 overlays a significant unconformity and exhibits a sig-
nificant shift in seismic facies. Based on existing knowledge
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of the configuration of deposits on the Maltese platform (Gatt,
2007; Max et al., 1993; Micallef et al., 2011; Osler & Algan,
1999), the deposits of SU4 are probably Plio-Quaternary in
age 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 0 ms to the south-
west (Figure S4).

The lateral continuation from SF2 to SF4 (Figure 6C)
observed in both SU3 and SU2 points to similar deposi-
tional 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 that this structure could be the lateral
continuation of the UCL main bioherms observed in the
outcrops (Pedley, 1976, 1979). 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 thick-
ness of this combined unit is ca 100 ms, which is com-
parable to the maximum thickness of ca 80 m reported
by Cornée et al. (2004) for the UCL. These bioherms ex-
hibit the convex margins that would be expected from the
less lithified and wave resistant C-type factory buildups
(Schlager, 2005). By extension, SF3 would probably mark
large-scale clinoforms spilling off the main bioherm, as
observed onshore (Figure 5), and SF4 would be a pro-
tected 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 avail-
able 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 type
of factory differs from the type of carbonate production
in a tropical carbonate platform (also called T-type fac-
tory). Whereas in the T-type factory carbonate production
mainly consists of a rigid framework (e.g. a coral-reef),
the C-type factory mainly produces sand-to-granule sized
skeletal grains. A coralline algae dominated C-Type fac-
tory, such as the UCL, would export significant amounts
of grains to the surrounding environment. The position
and main production zone might move laterally in re-
sponse to a change in sea level and accumulation would
respond strongly to wave activity. The bioherms found in
C-type factories are not as ridged as reefs in T-type facto-
ries. Sediment lithification can occur in marine environ-
ments but is usually relegated only locally to the bioherms
or is related to different types of discontinuity surfaces
(Nelson et al., 2003). This in turn would fit some of the
strong but non-continuous reflections observed within the
UCL (Figures 6 and 7).

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 (Figure 7). This situation may suggest that the de-
posits 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
(Figure 7C). As such, SF4 probably has a strong lateral trans-
port component from the main production zone as it shifted
with increasing relative sea level.

Finally, SU1 contains within it the pre-UCL units that in-
clude the Globigerina Limestone, Blue Clay and Greensand.
Given that the thickness of the GS is only a few metres (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.

5 | DISCUSSION

The most recent model of global sea-level change in the late
Miocene (Miller et al., 2020) depicts a base level rise of ca
20 m in the late Tortonian (ca 8-7.5 Ma, Figure 8). 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 UCL is at ca 8 Ma and the top of
it lies within the MNN11 nanofossil zone. Dolomitisation
appears to have occurred wherever such interaction took
place (de Lange & Krijgsman, 2010; Manzi et al., 2011;
Sabino et al., 2020). This relationship appears to be the re-
sult of vigorous reflux circulation with extensive microbial
activity. However, no dolomite was detected in the miner-
alogical analysis, suggesting minimal interaction of hyper-
saline MSC fluids with any of the Maltese deposits. This
limits the age of the top of the UCL to no more ca 6 Ma.
Some collapse breccia with local gypsum cementation can
be found in a few localities (Pedley, 2011) and could be
either MSC products or local restriction due to subaerial
emergence. The emplacement of a shallow-water unit/mass
atop a 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 Plateau during the
late Miocene. By examining the *’Sr/*°Sr_, 4. record of
the Eastern Mediterranean at the time (Figure 8; Flecker &
Ellam, 2006; Schildgen et al., 2014), it is seen to 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. Notably, Cornacchia et al. (2017), working in the
Majella Mountain (Eastern Mediterranean domain, proto
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deposition of the UCL, Sr isotope record
of the Eastern (Flecker & Ellam, 2006;
Schildgen et al., 2014) and Central (Kocsis

& etal, 2008; Schildgen et al., 2014; Sprovieri
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coeval oceanic reference (McArthur et al.,
2001). Global sea level (Miller et al., 2020)
and proposed relationship to the deposition
of the UCL cycles
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Adriatic) observed lower ¥’Sr/*®Sr ratios on a comparable
timeframe, interpreted as increased local overprint with re-
gional restriction.

These values are still higher than the departure ob-
served during the MSC (Flecker et al., 2002; Miiller &
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. Together, these two lines
of evidence suggest a restricted 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 >500 m
during the Tortonian to the earliest Pliocene (Yellin-
Dror et al., 1997). No clear indication of such move-
ment is observed in the seismic data available for this
study. Palaeodepth estimation at the top of the Blue Clay
Formation (Serravallian) is estimated at 150-200 m
(Digeronimo et al., 1981; Jacobs et al., 1996), while
coastal to littoral deposits were identified in the upper
part of the UCL (upper Messinian). Considering that the
total thickness of the UCL deposits is <30 m, the fill-
ing of accommodation space alone could not account
for these observations. The total accommodation is also
offset but ca 25 m of sea-level rise during deposition

8.5

9.0

of the UCL (Miller et al., 2020, Figure 8) suggests an
uplift of at least 150 m in Malta.

The emplacement of two cycles of shallow-water deposits
in the UCL formation, terminating near sea level, indicates
that accommodation space was available for the establishment
of two depositional cycles and topography fill by a carbonate
factory. The fact that a C-type factory is dominant in Malta
at this time, while in other regions of the Mediterranean T-
type factories are still dominant (Follows, 1992; Reolid et al.,
2014), does suggest that the conditions in this region were
less favourable. The wide and shallow water mass extended
due to the uplift could result in higher salinity or a strong
temperature seasonal amplitude, both could inhibit the devel-
opment of a T-type factory favouring the emplacement of a
C-type factory. Each cycle (Figure 6) begins with the local es-
tablishment of bioherms, which grow vertically with a lateral
component (aggradation—progradation), followed by a phase
of lateral growth (progradation) and finally a stage dominated
by filling of accommodation space (aggradation). The initial
two phases would be comparable to the initial shallowing up-
wards phase observed in the outcrops, with the aggradational
phases being comparable to the deepening upwards phase.
The available timeframe of emplacement of the UCL (from
ca 8 to ca 6 Ma), and the known eustatic sea-level patterns
(Miller et al., 2020), suggest that the depositional cycles are
of the order of 1 Ma each, likely governed by 1.2 Ma eccen-
tricity modulated astronomical frequencies, and represent two
third order cycles (Boulila et al., 2012). This overall trend of
fill points to limited accommodation space generation. Some
accommodation was still generated by coeval sea-level rise

85U017 SUOLULLOD BAIERID) B|qeat|dde au Aq pausenoh ake Saplie YO 38N JO S3|n1 104 ARIq 1T BUIIUO AB]IM UO (SUORIPUOD-PUE-SWLR}WOY B 1M ARe.q 1)U UO//SANY) SUORIPUOD PUB SWR L 8L} 885 *[£202/T0/EZ] U0 A1 aU1UO AB]IM “eISUniA Seuio!|qigsspue ] pun SEISAIUN AQ 8ET Zdop/c00T OT/10p/woo" Ao | Akeiq1euljuo//sdny wouy papeojumod ‘Z ‘T2z ‘£L87SS0C



BIALIK ET AL.

| 267

(Figure 8) and local tectonics. The latter by formation of local
basins as indicated by the fault-bound nature of the sedimen-
tary bodies observed in seismic data (Figure 7). 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
of this compressional regime would have been to magnify the
total uplift of the barrier.

6 | CONCLUSIONS

Over the late Miocene, the area around the Maltese
Archipelago has experienced a significant uplift. The uplift
raised the Maltese Islands to a water depth that allowed the
emplacement of a shallow-water carbonate unit in the form
of the UCL Formation. This unit was deposited during two
depositional cycles, with both cycles characterised by a
strong tendency towards filling the available accommoda-
tion space typical of C-type carbonate factories. The mode
of emplacement and overall geometry suggests a very shal-
low position of the Malta Plateau, conforming to an exist-
ing tectonic structure already present in the late Miocene.
This uplift appears to have played a role in restricting con-
nectivity of the water masses between the east and the west
Mediterranean prior to the onset of the MSC and 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 probably played a
pivotal role in the observed differences in deposits between
the two basins during the MSC.
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