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The Special Issue “Advances in Sedimentology and Coastal and Marine Geology” has
collected significant research articles advancing the state of the art of the corresponding
sub-disciplines. Beach rocks, hybrid event beds and quaternary marine sedimentation and
shallow gas represent important topics contained within this Special Issue. Different areas
have been studied, including both Mediterranean and extra-Mediterranean areas. In the
Mediterranean areas, the Bay of Naples and the Cilento offshore (Southern Tyrrhenian
Sea, Italy) have been studied, along with the Red Sea (Saudi Arabia). The Bay of Naples
displays the physiographic domains of the Somma–Vesuvius volcanic complex, the Campi
Flegrei volcanic complex, the Ischia and Capri islands, and the Sorrento Peninsula. The
Cilento offshore, studied by two papers of the Special Issue, is the marine area surround-
ing the Cilento Promontory and represents a structural high resulting from the seaward
prolongation of the Licosa Cape’s high structure, bounded northwards and southwards by
two half-graben basins: the Salerno Valley and the Policastro Gulf. The Red Sea, studied by
two papers within the Special Issue, separates the coasts of Egypt, Sudan, and Eritrea to
the west from those of Saudi Arabia and Yemen to the east. The Red Sea contains some
of the world’s warmest and saltiest seawater, and its name is derived from the colour
changes observed in its waters. Normally, the Red Sea is an intense blue-green; occasion-
ally; however, it is populated by extensive blooms of the algae Trichodesmium erythraeum,
which, upon dying off, turn the sea a reddish-brown colour. In the extra-Mediterranean
areas, Quanzhou Bay and the South China Sea (China), the Taiwan Strait (Taiwan), and
north-western Borneo (Malaysia) have been examined. Quanzhou Bay is a semi-enclosed
bay located in the southeast coast of China, with its mouth opening towards the Taiwan
Straits. Two rivers, the Jinjiang and Luoyang, carry sediments to the bay and are connected
to the Taiwan Straits. The sediments are also introduced to the bay from the open sea and
the anthropogenic factors have a strong influence on the bay. The South China Sea is a
marginal sea south of China, included in the Pacific Ocean, and encompassing an area
from Singapore to the Taiwan Strait. The sea stretches in a southwest to northeast direction,
whose southern border is 3 degrees. The Gulf of Thailand covers the western portion of
the South China Sea. The South China Sea overlies a drowned continental shelf; during
recent ice ages, the global sea level was hundreds of meters lower, and Borneo was part
of the Asian mainland. The Taiwan Strait is an arm of the Pacific Ocean, 160 km wide at
its narrowest point, lying between the coast of China’s Fukien province and the island of
Taiwan (Formosa). The strait extends from southwest to northeast between the South and
East China seas, reaching a depth of about 70 m. Borneo is the third-largest island in the
world and the largest in Asia. At the geographic centre of Maritime Southeast Asia, in
relation to major Indonesian islands, it is located north of Java, west of Sulawesi, and east
of Sumatra. The island is politically divided among three countries: Malaysia and Brunei
in the north, and Indonesia to the south.

Beach rocks, which are the subject of two papers of this Special Issue, are carbonate-
cemented sandstones, individuating on the shoreline of tropical and warm temperate
beaches. Beach rocks represent a good potential indicator of sea-level position. Their
location within the intertidal zone makes beach rocks potentially good indicators of former
sea level, particularly if the tidal range is small. Most beach rocks are found in low-latitude
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locations, although there are particularly extensive outcrops around the Mediterranean Sea.
In the studied areas, beach rocks mainly consist of calcareous biogenic remains (Red Sea,
Arabian Gulf); alternatively, they consist of siliciclastic grains in near the tectonically active
areas (Gulf of Aqaba).

Hybrid event beds are the deposits of such flows which do not resemble traditional
end-member sediment gravity flow facies (debris flows or turbidites), as they result from
a combination of turbulent, transitional and laminar transportation mechanisms, all as
part of the same event. Hybrid event beds include transitional flow deposits, slurry beds
and matrix-rich sandstones. Hybrid event beds comprise up to five (H1-H5) vertically
stacked divisions, including a basal matrix-poor turbidite sandstone (H1), overlain by a
banded sandstone (H2) with alternating matrix-rich and matrix-poor bands; this gives way
to a matrix-rich sandstone (H3) which constitutes the ‘linked debrite’. The matrix-rich
sandstone of H3, typically contains mudstone clasts, mud chips, dispersed clay matrix,
mica flakes, sand injections, pseudo nodules and organic matter. A couple of thin, well-
structured sandstones/siltstones (H4) and a mudstone (H5) complete the typical sequence
of hybrid event beds.

Aiello and Caccavale [1] have shown the depositional environments of the Cilento off-
shore based on marine geological data, including sedimentologic and seismo-stratigraphic
data and seismic stratigraphy. Based on marine geological mapping, coupled with seismo-
stratigraphic interpretation and confirmed by the sedimentological data, littoral, inner shelf
and outer shelf environments compose the highstand system tract of the Late Quaternary
depositional sequence. The seismo-stratigraphic results are basic for further developments
of Aiello and Caccavale on shallow gas in the same area [2]. The first area, distinguished
by acoustic blanking is located offshore from the Licosa Cape promontory at water depths
ranging between 30 and 90 m; the second area, distinguished by shallow gas pockets, is
located in the northern Cilento promontory from the seaward prolongation of the Paestum
Plain to the Tresino Cape; the third area, distinguished by shallow gas pockets and by the
seismic units impregnated by gas (“gassy sediments”), is located on the northern Cilento
promontory, starting from the offshore prolongation of the Paestum Plain up to the Licosa
Cape promontory, at water depths ranging between 10 and 60 m.

Aiello [3] has studied the seismo-stratigraphic setting of the eastern Bay of Naples,
recognizing new seismic units and correlating them with buried tuff rings; these were
compared with the Porto Miseno, Archiaverno and Averno and Astroni tuff rings onshore
(Campi Flegrei) and a new seismic unit, recognized offshore the Somma–Vesuvius volcano,
correlating with the fallout deposits representing the base of the AD 79 eruptive sequence
based on isopach maps available in the literature. The impact of PDCs (pyroclastic density
currents) on this area, both onshore and offshore, has been discussed, due to the dispersal,
thickness and extent of the pyroclastic deposits, corresponding with seven plinian and
sub-plinian eruptions.

Ghandour et al. [4] studied the lithofacies characteristics, petrographic, XRD, and sta-
ble isotope data of Al-Mejarma beach rocks, located in the Red Sea, Saudi Arabia, to recon-
struct its geologic evolution. Beach rock was deposited during the Middle-Late Holocene
as a shoreface-beach barrier in two stages, attesting a landward migrating sediment ac-
cumulation and a rapid marine cementation. The beach rock consists of massive, planar,
and ripple cross-laminated sand with foresets trending parallel to the slightly oblique
Red Sea coastline. Six vertically stacked lithofacies have been distinguished through the
textural characteristics and the sedimentary structures. The obtained results are basic
for the subsequent paper of Mannaa et al. [5], dealing with the use of beach rocks as
palaeo-shoreline indicators.

Hybrid event beds in deep marine environments have been studied by Jamil et al. [6].
In particular, these authors have discussed the development of hybrid event beds in
submarine lobes, analyzing proximal-to-distal, frontal-to-lateral relationships and evolution
during lobe progradation. A geological survey was carried out on the Late Paleogene
Crocker Fan to understand the relationship between the character of hybrid bed facies and
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lobe architecture. The obtained results have shown that the hybrid facies are well developed
in proximity to medial lobes, whereas distal lobes are mainly parallel to cross-laminated
clean-to-muddy hybrid facies. Deep marine environments usually include a fan lobe system
and only locally hybrid event beds. Muddy sandstone and clay-rich hybrid event bed facies
negatively affect the reservoir potential of sandy lobe intervals, hindering the pore network
and connectivity for lateral and vertical migration of fluids from sandstone reservoirs.

Shan et al. [7] have analyzed the effects of the mineralogic composition of the clays
on the dynamic properties and fabric of artificial marine clays. In particular, the marine
clays found in the South China Sea deltas have been studied. Raw non-clay minerals (such
as quartz, albite) and clay minerals (such as Na-montmorillonite and kaolinite) have been
used to produce artificial marine clay, whose dynamic properties were studied through
the mineralogic composition. Dynamic triaxial laboratory tests for artificial marine clay
comprising various clay minerals have been carried out, showing that marine clay with a
high montmorillonite content exhibited slower development of strain than the clay with
a low montmorillonite content. The obtained results have shown that the clay minerals,
especially montmorillonite, strongly control the dynamic properties of large strain.

Xiao et al. [8] detailed an integrated modeling of Quanzhou Bay (China), associating
the geomorphologic evolution and the oceanographic parameters. Based on the topo-
graphic and hydrological data of the bay, a numerical model was used to simulate the
hydrodynamics of the bay under the influence of human activities. The coupling relation-
ship between human activities and the evolution of geomorphology and hydrodynamics in
the urban bay at different stages of industrialization has been discussed. This study has
demonstrated the anthropogenic impact on geomorphology and oceanography in highly
industrialized settings.

Finally, He et al. [9] have studied the sedimentary evolution of the Western Taiwan
Shoal Area during the Late Pleistocene. A new pollen analysis and major and trace
element contents has been carried out on a gravity core recovered from the Taiwan Shoal
(sand ridges), south of the Taiwan Strait. The variations in the pollen assemblage and
concentration have highlighted the climate change in the Taiwan Shoal and the strength of
the Zhe-Min Coastal Current. Five phases of the sedimentary evolution in the Taiwan Shoal
area have been distinguished based on the analysis of pollen and major trace elements with
the combination of the AMS 14C dating results.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The geochemical characteristics of a 2.1 m BBW25 core, collected from the Beibu Gulf,
have been investigated in terms of the major and trace elements, organic matter, and CaCO3 and
AMS 14C dating by XRF, ICP-OES, ICP-MS, and more. We have found through previous research
that there are issues with unclear delineation of sedimentary evolution environments and inexact
responses between chemical weathering intensity and major paleoclimate events in the Beibu Gulf.
The AMS 14C dating results indicate that the sedimentary age at the bottom was 19.24 ky b.p.
CaCO3, δ13C, C/N, and Sr/Ba indexes show a sedimentary environment change from terrestrial
to marine environments and a “jump” of ~4000 years in continent–ocean changes. The evolution
of the sedimentary environment of Beibu Gulf was divided into three environments and five sub-
environments. The changes in chemical weathering intensity indicators recorded by the CIX and
the Fe/Al ratio respond well to the East Asian monsoon cycle, the meltwater events, and the
alternation of cold and warm events. This study explains the chemical weathering intensity and
sedimentary environment in the BBW25 core by geochemical characteristics and further reveals the
paleoenvironmental characteristics and possible driving mechanisms over the past ~20,000 years.

Keywords: Beibu Gulf; core sediment; geochemical characteristics; sedimentary environment; climate
change

1. Introduction

As part of the South China Sea, the largest marginal sea in the western Pacific, the Beibu
Gulf preserved information on changes in the marine environment with sediments since the
late last glacial maximum (LGM), and its deposition processes are highly impacted by land–
sea interactions, sea-level changes, East Asian monsoons (EAMs), and other processes. The
Beibu Gulf, located on the northwestern edge of the South China Sea, is a semi-enclosed
bay with an area of approximately 12.93 × 104 km2, an average depth of 42 m, and a
maximum depth of 100 m. It is located in the shelf area of the South China Sea and is
connected to this sea through the Qiongzhou Strait. Due to its unique geographical location,
diverse seabed topography, and complex ocean currents and hydrodynamic environment,
its marine sediments preserve rich paleoclimatic information in East Asia [1–11].

Since the end of the last glacial maximum (LGM) (20,000 years before the present), the
climate system of the Beibu Gulf has experienced the Heinrich1 (H1) cold, Bølling-Allerød
(BA) warm, Meltwater Pulse 1B (MWP-1B), Younger Dryas (YD) cold, and Holocene rhyth-
mic cooling (Bond) events. Prior studies have extensively investigated the geochemical

J. Mar. Sci. Eng. 2024, 12, 615. https://doi.org/10.3390/jmse12040615 https://www.mdpi.com/journal/jmse5
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characteristics of these sediments and provided important information on sea level, sea sur-
face temperature (SST), and circulation changes; sediment source-to-sink processes; as well
as chemical weathering intensity changes and coastal erosion processes in the surrounding
continents. The acquisition of knowledge regarding the interactions between paleoclimate
and continent–ocean changes is crucial for the comparative analysis and comprehensive
understanding of present and future interconnections among these systems. Currently,
there are disagreements regarding the delineation of sedimentary evolution environments
and responses between the chemical weathering intensity and major paleoclimate events
in the Beibu Gulf [12–19].

The C4 and B106 cores in the central and southern parts of the Beibu Gulf indicated that
the Beibu Gulf was a terrestrial to marine–terrestrial alternating sedimentary environment
prior to 13.4 ka BP. The STAT22 core indicated a marine–terrestrial alternating sedimentary
environment at around 11.1 ka BP. The inconsistent paleoclimatic events in different latitude
regions may reflect the lagging response of low-latitude regions to the global climate or the
existence of regional special climate change mechanisms. In fact, in the South China Sea,
there are differences in the Paleoclimatic events revealed by data from different cores, and
even different research methods used at the same core can yield different results, possibly
due to limitations in certain methods or environmental constraints. The TWS-1, ZK20,
ZK001, and PC338 cores in the South China Sea indicated that the chemical weathering
intensity in the northwest of the South China Sea was significantly higher in the Holocene
than in the glacial stage, while the KT2 core indicated an opposite conclusion [20–26].

Through a review of previous research, it was found that the classification of sedi-
mentary environments in the Beibu Gulf mainly focused on the Holocene or the late last
deglaciation, without considering the early last deglaciation or the LGM. Simultaneously,
the indicators for chemical weathering intensity and sedimentary environments have re-
mained largely unchanged, and the new indicators developed in recent years have not been
introduced. Therefore, this study discusses changes in the marine environment of the Beibu
Gulf and high-resolution information on possible climate responses through investigating
geochemical characteristics in the core sediments. Thus, our work aims at improving our
understanding of the changes in the marine environment of marginal seas over the past
20,000 years and their correlation with global climate change.

2. Material and Methods

2.1. Materials

As shown in Figure 1, sampling point BBW25 is located in the offshore area southwest
of Hainan Island (108◦08.9166′ E, 18◦07.2945′ N). A gravity piston sampler was used
to sample the columnar core sediment, with an overlying water depth of 84 m and an
overall length of approximately 2.1 m. The samples had high viscosity and exhibited a
homogeneous fluid–soft plastic mud state. Occasionally, bivalve and gastropod debris
could be seen in the upper part. The lithology was mainly clay with a small amount of
fine sand. The lower sediment contained almost no shell debris and was composed of clay
(Figure 1). The core samples were stored in a freezer (below −20 ◦C) in the cabin laboratory
of the ship and then transferred to Guangdong Ocean University for cryopreservation.
To avoid the effects of benthic disturbance, resuspension, and seafloor re-sedimentation,
the core was cut into 210 samples (1 cm per sample). All samples were wrapped with
pre-sanitized aluminum foil and sealed in sterile polyethylene bags. One quarter of each
sample was taken for subsequent experiments in this study.
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(a) (b) 

Figure 1. BBW25 sediment core: (a) Topographic map of core BBW25 sampling location, surrounding
areas, and the cores mentioned in the article; (b) core profile.

2.2. Methods

The samples were first placed in an oven at 60 ◦C for drying and then ground to
below 200 mesh. Rock powder samples were sent to BETA Laboratory for AMS 14C
dating. The sample type was organic sediment, and the pre-treatment method was acid
washing. The half-life of 14C used for dating was 5568 years. The calibration program
was BetaCal4.20, the calibration method was the HPD method, and the database used was
MARINE20. Measured ages were corrected by 13C fractionation to obtain conventional
ages, and the conventional ages were corrected by the tree ring to obtain calendar ages. To
facilitate the calculation, interval averages with high confidence (2σ, 95.4%) of the corrected
ages were mainly used in the comparison of AMS 14C ages. The corrected calendar ages
were calculated on this basis. Chemical element contents of rock powder samples were
measured using a (NITON XL3T) handheld X-ray fluorescence spectrometer (XRF—School
of Marine Sciences, Guangxi University, Nanning, China). Major element contents of the
processed samples were detected using (HORIBA) inductively coupled plasma optical
emission spectroscopy (ICP-OES—Nanjing Hongchuang Exploration Technology Service
Co. Ltd., Nanjing, China) and the processing and experimental processes were referred
to Chemical analysis methods of silicate rocks Part 31: Determination of 12 components
such as silica [27]. The rock powder samples were washed with 10% hydrochloric acid
(Qingtian Biotechnology Co. Ltd., Nanning, China) for 24 h. The solid residues were rinsed
with deionized water, centrifuged eight times for a neutral pH, and dried at 60 ◦C. After
acid washing, TOC and TN contents of the rock powder samples were detected using the
(vario MACRO cube) element analyzer (School of Marine Sciences, Guangxi University,
Nanning, China). After acid washing, the samples were mixed with rod-shaped copper
oxide and platinum wire as catalysts, then burnt at 800–850 ◦C in the experimental furnace
with O2 introduced. The generated CO2 was released after condensation and purification
in a liquid nitrogen cold trap for detection of organic carbon isotope (δ13CV-PDB). δ13CV-PDB
contents of the rock powder samples were detected using the (Vario EL III/Isoprime)
elemental analyzer–isotope ratio mass spectrometer (EA-IRMS—Instrumental Analysis
Center of Shanghai Jiao Tong University, Shanghai, China). The content of Sr and Ba selected
extraction from the core was detected using (Agilent 7900) Inductively Coupled Plasma
Mass Spectrometry (ICP-MS—Nanjing Hongchuang Exploration Technology Service Co.
Ltd., Nanjing, China), while the processing and experimental procedures were referred to
Chemical Analysis Methods of Silicate Rocks Part 30: Determination of 44 [28,29].
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3. Results

3.1. Construction of the Stratigraphic Age and Sedimentation Rate Frameworks Based on AMS 14C

Samples were taken for AMS 14C testing at depths of 40, 75, 120, 160, and 210 cm in
the core. These results are represented by “cal. ka BP”, which means “calibrated thousand
years before present”, abbreviated as “ka BP”. The age framework should be established
based on these results, and the Bayesian age-depth model should be utilized to acquire
more comprehensive and precise age information of the BBW25 sediment core [30]. The
sedimentation rate of the upper profile is 0.008 cm/yr, and the lower profile is 0.102 cm/yr.

According to Figure 2 and Table 1, the age at the bottom of the sedimentary column
in borehole BBW25 is 19.24 ka BP. In the sections above and below the burial depth of
119–120 cm, the age of the sediments changes significantly. The sedimentation rates of the
upper and lower sections also have obvious changes, which can be attributed to changes in
climate, sea level, or the source of the sediments [11].

Figure 2. Bayesian age-depth model.
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Table 1. BBW25 core AMS 14C age results.

Depth (cm)
Conventional

Radiocarbon Age
Age Correction

(95.4% Probability)
Calibrated Average

Calendar Age

40 3850 ± 30 BP

(72.5%)
2456–2271 cal BC
4405–4220 cal BP

4281 BP(22.9%)
2260–2204 cal BC
4209–4153 cal BP

75 7880 ± 30 BP
(95.4%)

6368–6068 cal BC
8317–8017 cal BP

8167 BP

119 12,890 ± 40 BP
(95.4%)

12,891–12,299 cal BC
14,840–14,248 cal BP

14,544 BP

120 15,850 ± 50 BP
(95.4%)

16,648–16,180 cal BC
18,597–18,129 cal BP

18,363 BP

160 15,290 ± 50 BP

(53%)
16,545–16,354 cal BC
18,494–18,303 cal BP

18,521 BP(42.4%)
16,803–16,649 cal BC
18,752–18,598 cal BP

210 16,700 ± 50 BP
(95.4%)

17,542–17,047 cal BC
19,491–18,996 cal BP

19,244 BP

3.2. Changes in Major Elements

Contents of major elements in core sediments also show a similar age-depth model
pattern to that in the upper and lower profiles. Contents of major elements vary with the
burial depth as shown in Figure 3. Among them, CaO and MgO contents exhibited patterns
similar to those in the upper and lower sections in the age framework. The average content
is ranked as SiO2 > Al2O3 > Fe2O3 > CaO > K2O > Na2O > TiO2 > P2O5. Among them,
the SiO2 content range is 50–70%; Al2O3 content is 8–15%; Fe2O3 content is 3–7%; CaO
content is 0.2–8.5%; K2O and MgO content is 1–4%; Na2O content is 0.9–1.3%; TiO2 content
is 0.6–1.1%; P2O5 content is 0.09–0.2%; and MnO content is 0.02–0.07%. Figure 3a shows
the results of the ICP-MS tests, which were performed at 10 cm intervals, for a total of
20 samples tested. Figure 3b shows the results of the XRF tests, which were performed at
1 cm intervals, for a total of 210 samples tested.

3.3. Changes in Organic Matter

Organic matter proxies and the content of Sr and Ba in the core sediments also show
a similar age-depth model pattern to that in upper and lower sections. The variation in
organic matter content with burial depth is shown in Figure 4, with a similar pattern of
upper and lower sections in the age framework. The TOC content range of core sediment
was 0.28–0.71%; TN content was 0.03–0.12%; and δ13CV-PDB (hereafter abbreviated as δ13C)
content ranged between −25.5 and −18.54‰. Organic matter was tested at 2 cm intervals
and a total of 105 samples were tested. The Sr content range of core sediment was 7–238.8%;
and Ba content was 1.5–18.63%. Sr and Ba were tested at 5 cm intervals and a total of
42 samples were tested.
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(a) 

(b) 

Figure 3. Measurement of major element contents in the BBW25 core: (a) ICP-OES; (b) XRF.
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Figure 4. Organic matter proxies and the content of Sr and Ba in the BBW25 core.

3.4. Changes in Carbonate Contents

The carbonate content in the core sediment also shows a similar age-depth model
pattern to that of the upper and lower sections. The variation in carbonate content with
depth is shown in Figure 5. During the hydrochloric acid dissolution process of the
organic matter pretreatment in core sediment, the mass of escaped CO2 can be derived by
calculating the change in sample mass before and after the hydrochloric acid dissolution.
Through calculating the mass of emitted CO2, we can calculate the percentage of CO3

2 and
CaCO3 in the sample. The variation trends of the three groups of data are relatively similar
when comparing the CO3

2 content with the CaO and Ca contents measured by ICP-MS
and XRF, respectively. Thus, it can be concluded that carbonate mostly existed in the form
of calcium carbonate in the sediment. Due to significant errors, the XRF test results had to
be corrected. Figure 5 shows that the Ca contents in sediments were relatively high with
significant changes. Thus, the relative error can be ignored. Also, Figure 5 indicates that
the XRF and ICP-MS test results have consistent changes, proving a good correspondence
between the results. Therefore, in this study, the ICP-MS test result data are used to calibrate
XRF test result data.

Figure 5. Comparison of carbonate and Ca contents in the BBW25 core.
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4. Discussion

4.1. Response of Sedimentary Environments in the Beibu Gulf to Sea Level and Sea Surface
Temperature (SST) in the South China Sea over the Past 20,000 years
4.1.1. Changes in Sea Level and SST and the Sedimentary Environment Indicators

As shown in Figure 6, previous studies have obtained information about the relative
change in sea level in the South China Sea based on sea level changes in the Sunda shelf,
Malacca Strait, and Red River Delta, as well as SST changes in the South China Sea based
on changes in long-chain alkenones and Uk

37 in the 17940 core profile [9,31]. Sea level
in the South China Sea was positively correlated with the mean SST. As temperatures
increased, the ice age ended and glacial melting caused the sea level to rise. As shown
in Figure 6, the sea level during the LGM in the South China Sea was estimated to be at
least 110 m below its current position, resulting in complete exposure of the Beibu Gulf as
terrestrial land. Subsequently, throughout the last deglaciation period, there was a gradual
rise in sea level that led to the submergence of previously exposed land, transforming the
sedimentary environment of the Beibu Gulf from terrestrial to marine. The BBW25 core
sedimentary column was buried at a depth of approximately 84 m in modern times. At
approximately 14.6–14.3 ka BP, the sea level was approximately between −87.5 and −82 m
when the depth of the BBW25 core sedimentary column was 119–120 cm (depositional
age about 14.54 ka BP). This was the location of significant changes in most geochemical
characteristic indicators.

The Sr–Ba ratio is a geochemical indicator of paleosalinity in sediments and has been
used to indicate the changes and evolution environments of transgression in the Beibu
Gulf [22,32,33]. Previous studies in deltaic environments have found that Sr/Ba is <1 in
freshwater (rivers), <1–3 in brackish water (delta front), <3–8 in saline water (prodelta),
and >8 in normal seawater (shallow sea environment and residual sand) [34,35]. The C/N
ratio and δ13C are important indicators for determining the source of organic matter in
sediments. Based on the ratio of total organic carbon and nitrogen contents in sediments,
distinguishing between terrestrial and marine organic matter is possible. Generally, aquatic
algae are rich in proteins and lipids, and their organic matter has a lower C/N ratio.
Terrestrial higher plants are rich in their carbon content such as cellulose and lignin, while
proteins comprise less than 20%. Their organic matter has a higher C/N ratio [36]. Previous
studies on the TOC and TN of sediments in various sedimentary environments have found
that the C/N ratio of marine sediments ranges between 4–7, while in terrestrial sediments
it is ≥12. The C/N ratios for high-salinity and subtidal sediments are about 11.6 and 9.3,
respectively. The C/N ratio of mixed marine and terrestrial sediments ranges between
8–12 [37–39]. Based on the C/N changes observed in the borehole in this study, the C/N
ratios of 4–8 in the BBW25 core indicates marine sedimentation, while values >8 indicate
marine–terrestrial alternating sedimentation. Previous studies on the δ13C of sediments in
a large number of different sedimentary environments revealed that the δ13C of freshwater
algae and terrestrial end-members was in the range of −25–−30‰; the δ13C of marine algae
and seawater end-members was in the range of −16–−23‰; and the δ13C of sediments at
the bottom of the ocean was in the range of −18–−24‰ [36,37,40–42]. Based on the δ13C of
BBW25 core sediments in this study, δ13C of −18–−23‰ indicated a marine sedimentary
environment, δ13C of −23–−24‰ indicated a marine–terrestrial alternating sedimentary
environment, and δ13C of −24–−26‰ indicated a terrestrial sedimentary environment.
The BBW25 core is mainly composed of clay particles, with no drastic changes in particle
size. Previous studies on minerals in the Beibu Gulf have shown that when hydrodynamic
forces are strong, kaolin tends to be present [43]. However, the kaolin content in the upper
section of the core is higher than that in the lower section, and there is no kaolin in the lower
section, indicating that the upper part of the core is in a marine sedimentary environment.
The tectonic subsidence over the past 20,000 years has mainly been concentrated in the
Qiongzhou Strait because the Beibu Gulf was a mainly terrestrial environment during
the last glacial period, and the Qiongzhou Strait was mainly developed from 11 to 7 ka
BP [11,44,45], while the drastic changes in geochemical characteristics of the BBW25 core
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occurred at about 14 ka BP. Thus, the changes in the sedimentary environment reflected
by the geochemical characteristics of core sediments in the Beibu Gulf can be attributed
to the rise in sea level observed in the South China Sea. Figure 5’s research indicates that
calcium existed in sediments in the form of calcium carbonate. Calcium carbonate can
reflect the proportion of biogenic sources in sediments and can be used as a representative
for marine inputs. Low contents were associated with an increased transfer of debris from
the surrounding continent, while high contents were associated with increased inputs of
marine biogenic sources [46].

Figure 6. Comparison of sedimentary environment indicators in core over time with mean global
surface temperature [47], sea surface temperature [9], and sea level change [31] in the South China Sea.

4.1.2. Establishment of a “Simplified Age-Depth Framework” and Phasing of
Sedimentary Evolution

Table 1 shows that there is a “jump” in the age of the sediments at the depth of
119–120 cm, ~4000 years, making classifying sedimentary environments and analyzing
chemical weathering intensity in the age-depth framework difficult. This phenomenon
also occurred in the STAT22 core (both the STAT22 and BBW25 cores were located in
the southern part of the Beibu Gulf). The ages at the burial depths of 290–295 cm and
305–310 cm in the STAT22 core were 11.11 and 17.99 ka BP, respectively, with an age “jump”
of ~7000 years for two samples at consecutive burial depths. However, this phenomenon
has not been explained. The classification of sedimentary environments in the Beibu Gulf
based on the STAT22 core study also began from the Holocene [22]. Our study analyzed
the sedimentation rates of seafloor sediments at the depths of 119–120, 160, and 210 cm, as
well as the range of sedimentary environment indicators among the depths (sedimentary
environment indicators) (Table 1 and Figure 7). It was found that the sedimentation
rate of the 150–160 cm core section was 0.253 cm/yr, while the that of the 160–190 cm
core section in the same sedimentary environment was 0.069 cm/yr. The sedimentation
rates of the two depths differed significantly, which could be due to the mixing of new
and old sediments during the last deglaciation, resulting in inaccurate age test results.
Previous researchers who studied cores in the South China Sea proposed the theory of
“tropical shelf weathering during the ice age” [26]. It was found that during the last ice
age, the temperature drop in low-latitude tropical regions was relatively small, resulting
in a decrease in sea level and widespread exposure of the continental shelf. Under the
combined actions of suitable temperature and humidity, strong groundwater circulation,
sufficient reaction time, and a large mineral surface area, the overlying loose deposits
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underwent further chemical weathering. At the same time, new land emerged during the
LGM. The shelf sediments, which were previously deposited at high sea levels during the
interglacial period, may have been re-weathered and transported by river erosion to the
river basins near the northwest slope of the South China Sea. Starting from the deglaciation,
the sea level rise caused a reduction in the exposed area of the continental shelf. The
northwest of the South China Sea received more initial weathering products from river
basins through ocean current suspension transport [24,25,48]. Studies on the R1 core near
the Weizhou Island in the Beibu Gulf of the South China Sea found that fossils in the late
Pleistocene strata (buried at a depth of about 1.5 m) contained Holocene marine sediments
and transgression records [49].

Figure 7. Trend of selected proxies with depth and paleoenvironmental restoration.

In summary, the sediment source timelines in the Beibu Gulf during the last deglacia-
tion were complex. To facilitate the analysis of core sedimentary records, only the carbon-14
age data at burial depths of 119–210 cm was used to establish the “simplified age-depth
framework” for the lower section of the core.

Based on the “jump” in calcium carbonate content, combined with the phased variation
characteristics of C/N, Sr/Ba, and δ13C (Figures 6 and 7), the evolution of the sedimen-
tary environment in the Beibu Gulf was divided into the following three sedimentary
environments and five sedimentary sub-environments:

(1) Terrestrial sedimentary environment—paleo-estuarine sub-environment (from 210
to 190 cm) (19.24–18.21 ka BP): This period corresponds to the end of the LGM and the
beginning of the last deglaciation. The SST and sea level of the South China Sea did not
exhibit a significant increase. During this period, the sea level in the South China Sea was
observed to be lower than the current maximum water depth in the Beibu Gulf [50]. In the
BBW25 core, from the burial depth of 190 cm to the bottom, the C/N ratio was relatively
high; δ13C was <−24‰ and δ13C at the bottom of the core was <−25‰. This indicated
that the organic matter input was mainly represented by freshwater plants or terrestrial
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particulate matter. The Sr/Ba ratios were all <1, indicating that sedimentation originated
from terrestrial environments. The ratios jointly indicated terrestrial deposits below 190 cm
in the BBW25 core.

(2) Marine–terrestrial alternating sedimentary environment—transgression and regres-
sion sub-environment (from 190 to 150 cm) (18.21–16.15 ka BP): During this period, the SST
and sea level in the South China Sea slowly rose, with seawater possibly entering the Beibu
Gulf. At the burial depths of 190–150 cm in the core, the C/N ratio decreased compared
to that in the terrestrial environment. At a ratio of 8–9, there was a decreasing and then
increasing trend, which may record a transgression and regression. Sr/Ba and δ13C showed
that at burial depths of 190–166 cm, Sr/Ba was 1–3, which indicates brackish conditions.
δ13C was between −22 and −23‰, which corresponds to the seawater end-member organic
matter input, indicating a transgression process at that time. Subsequently, at the burial
depth of 150 cm, δ13C decreased to between −23 and −24‰. There were both marine
and terrestrial organic matter inputs. The decrease of Sr/Ba < 1 indicates a transition to
terrestrial sedimentation, and a regression event was recorded. The age of this regression
event was relatively consistent with the recorded age of the H1 cold event, which may be
due to an impact of the H1 cold event on sea level.

(3) Marine–terrestrial alternating sedimentary environment—transgression sub-
environment (from 150 to 119 cm) (16.15–14.54 ka BP): During this period, the SST and sea
level in the South China Sea rose rapidly. The sea level rose from −103 m to approximately
−86 m. The seawater entered from the mouth of the Nanbu Gulf, arriving at the current
BBW25 at a depth of 84 m. The sedimentary record coincided with the sea level. In general,
the trends of C/N and calcium carbonate in sediments were opposite [50]. As the sea level
rose and seawater invaded the land, the carbonate content increased, and the C/N ratio
decreased to below eight. This indicated that the growth of marine calcareous organisms
was beginning to flourish, and the dilution effect of terrestrial debris may be weakened [51],
leading to an increase in the carbonate content, while the terrestrial contribution of organic
matter continued to decrease. Δ13C was in the range of −23–−24‰, and Sr/Ba was in the
range of 1–8, suggesting a continuous environment of transgression.

(4) Marine sedimentary environment—paleo-bay sub-environment (from 119 to 100 cm)
(14.54–11.7 ka BP): This period was the beginning of the BA warm event and the end of the
YD cold event as well as the occurrence of the MWP-1B event. The South China Sea’s SST
remained in a fluctuating state without significant increase, influenced by the alternation of
warm and cold events. However, under the influence of the MWP-1B event [52], the sea
level of South China Sea rose rapidly, from −86 m to approximately −56 m. In this core
section, δ13C organic matter rose above −23‰. The C/N ratio decreased, while the Sr/Ba
ratio increased rapidly. All these proxies together indicated a clear shift towards marine
environmental conditions. Subsequently, seawater continued to invade northward through
narrow waterways, affecting the nearshore sedimentation in the Beibu Gulf.

(5) Marine sedimentation environment—modern gulf sub-environment (from 100 to
0 cm) (11.7–1.07 ka BP–present-day): The Holocene epoch witnessed a stabilization of
both sea surface temperature (SST) and sea level in the South China Sea, following their
earlier rise around 5.5 ka and 8 ka, respectively. It was not until approximately 8.5 ka
BP that Hainan Island became completely detached from the Leizhou Peninsula, thereby
connecting the Beibu Gulf to the South China Sea through the Qiongzhou Strait. During
the early-to-middle Holocene (10–8.5 ka BP and 7–5 ka BP), SST variations were primarily
influenced by the East Asian monsoon [53–57]. This phenomenon can also account for
the significant fluctuations observed in the sedimentary environmental record indicators
within the BBW25 core during the early and middle Holocene. The intensification of
monsoon activity resulted in enhanced circulation within the Beibu Gulf, exacerbating
terrestrial erosion processes and, consequently, amplifying dilution effects. Therefore, more
terrestrial and marine materials were mixed into the sediment. As shown in Figure 6,
drastic fluctuations were observed in the sedimentary environment record indicators at
burial depths of 100–10 cm (11.7–1.07 ka BP) in the core. But they were all within the range
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of marine sedimentary fluctuations, indicating the formation of the modern ocean. δ13C
rose above −20‰ at burial depths of 10–0 cm (1.07 ka BP–present-day), suggesting the
direct input of organic matter to surface sediments by seawater. This indicates that the
modern marine environment in the Beibu Gulf was formed around 1000 years ago.

Previous studies on the thickness of A kong core in the Beibu Gulf found that the
depth of marine sediments in the Holocene were located above 1 m; the depth of marine–
terrestrial transitional sediments were from 1 to 1.4 m; and the depth of terrestrial stratum
sediments were from 1.4 to 2.7 m during the late Pleistocene. The Holocene transgression
layer was thinner than the late Pleistocene sedimentary layer [58,59], which was consistent
with the thickness recorded in the BBW25 core. The division of sedimentary environments
in the Beibu Gulf by previous researchers was different from that of this study. After
analyzing the total Sr/Ba and sporopollen in the STAT22 core, it was believed that the paleo-
estuarine sub-environment in the Beibu Gulf was between 11.1 and 9 ka BP, the period of
expansion from the paleo-estuarine sub-environment to the paleo-bay sub-environment and
maintaining stability was 9–6–4 ka BP, and the period of the modern gulf sub-environment
and maintaining stability was from 4–1 ka BP–the present-day. The comprehensive analysis
of pollen, spores, and algae in the C4 and B106 cores suggested that the Beibu Gulf was in a
terrestrial to marine-terrestrial alternating sub-environment before 13.4 ka BP; a paleo-bay
sub-environment from 13.4 to 11.7 ka BP; and a modern marine sub-environment from
11.7 ka BP to the present day [9,21].

4.2. Response of the Intensity of Terrestrial Weathering in the Potential Source Area to Climate
Events in East Asia over the Past 20,000 Years

Previous studies have demonstrated that chemical weathering can alter the elemental
composition of sediments, both in terms of major and trace elements. These changes are
primarily influenced by climate variations. The process of element migration within sedi-
ment source areas has the potential to reverse climate change patterns and provide insights
into paleoclimate reconstruction. Geochemical characteristics and ratios of sedimentary
elements serve as commonly employed indicators for quantifying the intensity of chemical
weathering. Therefore, it is crucial to carefully select effective element tracers for assessing
chemical weathering intensity and reconstructing paleoclimate events [60–63].

4.2.1. Source Area Analysis of Core Sediments

By comparing the findings from previous studies on the sediment source-to-sink
process in the northwest South China Sea (Figure 8) with the core location examined in this
study, it is inferred that the BBW25 core sediment originates from the Red River, Pearl River
(including Qinjiang river within its water system), and Hainan Island. Previous research
has indicated that the chemical weathering of sediments in these areas is influenced by
the East Asian monsoon, exhibiting a similar intensity trend to monsoon precipitation
records of East Asia, oxygen isotopes found in Greenland ice cores, and the SST of the
northern South China Sea [26,64,65]. The chemical weathering records of the BBW25
core, covering the northwest South China Sea, are predominantly influenced by the East
Asian monsoon. Therefore, we anticipate conducting a comparative analysis between the
chemical weathering indicators of the BBW25 core and the indicators reflecting changes in
the East Asian monsoon, aiming to investigate the significant climatic events recorded by
the core since the late LGM.

4.2.2. Effective Chemical Weathering Intensity

The various geochemical elements in the BBW25 core sediments were greatly affected
by the marine and terrestrial environments, making it difficult to conduct a comprehen-
sive comparison of chemical weathering intensity. Therefore, selecting climate indicators
that were less affected by sedimentary environments was crucial. As shown in Figure 9,
major elements such as Al, Fe, K, and Na did not show a marked “jump” at the depth of
119–120 cm. Thus, these elements were less affected by the marine and terrestrial environ-
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mental conditions. Therefore, using these elements to establish weathering indicators was
more effective.

Figure 8. Source-to-sink processes in the northwestern part of South China Sea [66,67]. (1) Source:
the starting point of the blue arrow is the source of terrigenous clastic sediments; (2) channel: the gray
arrow direction is the main sediment transport direction and its pathway; (3) sinks: the circle number
is the sedimentary block number: 1© Beibu Gulf Basin; 2© Yinggehai Basin; 3© shallow shelf around
Hainan Island; 4© Qiongdongnan Basin; 5© Pearl River Estuary Basin; 6© Xisha Trough; 7© Sea Basin.
(4) Black spot: BBW25 core; (5) yellow spots: STAT cores; pink stars: PC cores.

During chemical weathering, Al is a conservative and non-migratory element and
remains unchanged compared to the mother rock and sediments. Na is highly mo-
bile and readily departs from the mother rock and sediments. Therefore, Na is usu-
ally depleted in weathering products. K is easily leached from primary minerals but
is resistant to leaching and is immobilized by secondary clay minerals in the weather-
ing profiles. The modified chemical alteration index (CIX) can link the three elements
(CIX = 100 × Al2O3/(Al2O3 + Na2O + K2O)). This index can well-eliminate the influence
of carbonates and phosphates on silicates [68–72]. The Al/Fe ratio refers to the degree of
aluminum removal and iron enrichment. The higher the value, the stronger the degree of
weathering, indicating a humid and hot climate. On the contrary, a lower value indicates
a relatively dry and cold climate [73–75]. This research chose the CIX and Al/Fe ratio as
indicators of the intensity of chemical weathering in the sedimentary record in the core.

4.2.3. Response of Chemical Weathering Intensity Changes Recorded in Core to the Last
Major Climate Event

Previous studies on the weathering records have indicated that the chemical weath-
ering intensity of rocks under relatively warm and humid climates is higher than that
during cold and dry periods [76–78]. When the sediment source remains stable, the rock
type can serve as an indicator of weathering intensity. Kaolin is predominantly formed
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in a warm and humid acidic environment through extensive leaching of feldspar, mica,
and pyroxene, thus representing a highly weathered mineral. In contrast, illite forms
under dry and cold climatic conditions by undergoing weathering processes that involve
potassium removal. If the climate becomes humid and hot and chemical weathering is
thorough, potassium is taken away, and illite will further decompose into kaolinite [26].
The temperature during the late LGM–deglaciation stage was found to be lower than that
of the Holocene, as indicated by the global average surface temperature curve in Figure 6.
Additionally, it was observed that the upper section of the BBW25 core exhibited lower
levels of illite and potassium content compared to those of the lower section, suggesting
a correlation between chemical weathering intensity and variations in cold and warm
climates. The chemical weathering recorded in the BBW25 core sediments can be attributed
to the northwest region of the South China Sea, which was influenced by the East Asian
monsoon [26]. Simultaneously, a comparison was made between the chemical weathering
indicators under the “simplified framework” and the indicators for recording East Asian
monsoon changes (Figure 9) to demonstrate their reliability.

Figure 9. Comparison of age versus chemical weathering intensity curve in the core with δ18O
of 1144 core in South China Sea [79], δ18O of stalagmites in Sanbao Cave [80], δ18O of ice core in
Greenland [81], grain size of loess in China [82], δ13C(TOC) of Lake Huguangmaer [83], and monsoon
precipitation records of East Asia [84].

Based on the recorded changes in chemical weathering intensity in the core under the
“simplified framework” and the analysis of major climate events since the end of the LGM
(Figure 9), the BBW25 core records can be divided into the following three periods and
eight climate events:

(1) Records of strong East Asian winter monsoon and weak cycles from the late LGM
to the early deglaciation.

Previous studies have indicated that the South China Sea experienced a prevailing
winter monsoon during the late last glacial maximum (LGM). The variations in chemical
weathering intensity may serve as indicators of both intensified winter monsoon and
reduced cyclical changes during this period. Consequently, the elevated terrestrial input
characteristics likely reflect the substantial sea level drop and oceanic current dynamics
driven by the robust winter monsoon during the late LGM [85–87].

(2) Records of alternating cold and warm climate events and meltwater events during
the last deglaciation.
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1© The H1 cold event with cold and dry happened at high latitudes in the Northern
Hemisphere, but with a slight increase in humidity in comparison to that in the late
LGM [88,89]. The H1 cold event was clearly documented in the BBW25 core, with a distinct
decline observed in the chemical weathering intensity indicated by the Fe/Al ratio and
CIX. Simultaneously, δ18O levels increased in South China Sea cores during the H1 cold
event, suggesting that both the northern part of the South China Sea and southern China
experienced a cold and arid climate during this period. The coarsening of particles in
loess sediments, reduction in carbon isotopes within lakes, and decreased precipitation all
indicate a dry and frigid climate across East Asia.

2© The BA warm event happened because of the involvement of thermohaline cir-
culation during the last deglaciation, and geological reconstruction data and numerical
simulations confirmed this point. Greenland’s temperature increased by about 10 ◦C during
this event [90–95]. The δ18O records of stalagmites and the South China Sea cores as well as
the carbon isotope records of lacustrine sediments showed that the BA warm regions in the
Northern Hemisphere. The rising trend in precipitation in East Asia at this time suggested
a warm and humid climate. The enhanced chemical weathering intensity recorded in the
BBW25 core during this stage was the response to the BA warm event. Meanwhile, the
sedimentary environment indicator records responded well to the MWP-1A event. At this
time, the significant rise in sea level led to a transition from terrestrial inputs to marine in-
puts. Therefore, it was believed that the low terrestrial input and high weathering intensity
at this time can serve as indirect evidence for the synchronous start of the MWP-1A and BA
warm events.

3© During the YD period, δ18O of the Greenland ice core decreased, which indicated
the cooling of high-latitude regions in the Northern Hemisphere. The SST in the South
China Sea showed a decrease in temperature during the YD cold event compared to that
during the BA warm event. The grain size of loess on the Loess Plateau became coarser,
and δ18O of stalagmites rose. The pollen records of lacustrine sediments indicated an
increase in psychrophilic plants during the YD cold event [96–98]. The decrease in chemical
weathering intensity recorded by BBW25 was a response to the YD cold event.

(3) Early Holocene climate oscillations and records of abrupt climate changes from the
Middle to the Late Holocene.

1© Previous studies have found that during the climate warming process towards the
Holocene at the end of the last deglaciation, there were multiple climate oscillations in
the early Holocene, manifested as transient dry and cold events; this was caused by the
strongest summer monsoon event and winter monsoon strengthening event during the
early Holocene ice age [15,87]. According to [14], three cooling events were found to occur
at 9.4, 10.3, and 11.1 ka BP, respectively. The changes characteristics of the three cycles
recorded by chemical weathering in the BBW25 core sediments from the late Younger Dryas
event to early Holocene respond to the circle climate change events of the temperature
decreasing and the winter monsoon strengthening during the ice age, while the temperature
increasing and the summer monsoon strengthening during the interglacial period within a
century scale of the early Holocene [99].

2© There were several climate events from the Middle to the Late Holocene, among
which the 8.2 ka BP event, as the beginning of the Middle Holocene, was possibly the
strongest cold event since the Holocene; changes in the monsoon precipitation in the
Northern Hemisphere were mainly caused by freshwater injection [100,101]. Figure 9
shows that the intensity of weathering recorded in the core had a significant decrease from
8.8 to 8 ka BP. After 8 ka BP, chemical weathering intensified, indicating the onset of a warm
and humid climate.

3© A decline in chemical weathering recorded by the Al/Fe ratio from 7 ka BP to 5 ka
BP may be related to the 5.9 ka BP event, which was a sudden cold climate change that
occurred in the Middle Holocene; during this period, the dormant ENSO climate became
active again [102,103]. This cold event has been recorded in lake sediments, loess sediments,
ice core, and the change in sea level in China [104–106].
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4© The most recent decline in chemical weathering in the core from modern times
may have been caused by the Little Ice Age, with typical time of 0.4 ka BP and record age
range of 0.6–0.15 ka BP in China [15,107]. The sedimentary data suggest that the Little Ice
Age may have been the most severe cold event in the past three millennia. Glacier and
lake records in the middle and high latitudes of the Northern Hemisphere indicate a cold
climate, while stalagmite records in the low latitudes of the Northern Hemisphere suggest
an arid climate [108–111].

The average values of CIX and Fe/Al ratio in the Holocene and the late LGM–
deglaciation stage were 74.88 and 2.44, respectively, and 74.84 and 2.27, indicating that the
chemical weathering intensity recorded in the study area during the Holocene was slightly
higher than that during the late LGM—deglaciation stage.

5. Conclusions

According to the profile variation in the content of major and trace elements, TOC
and TN, CaCO3, and the value of δ13C on the P36 core sediments combined with AMS 14C
dating, the following points could be concluded:

(1) The BBW25 sediment core was deposited from the late Pleistocene. And taking the
depth of 119 cm as the boundary, the BBW25 core could be divided into two sedimentary
sections based on the change of geochemical characteristics: the low section and the upper
section. The upper section is the depth of 0 to 119 cm which sedimentary ages are from
present day to 14.54 ka BP. And the low section is the depth of 119 to 210 cm, whose
sedimentary ages are from 14.54 to 19.24 ka BP. The reason for this phenomenon is due to a
sedimentary environment change from terrestrial to marine environments.

(2) According to sedimentary environment indicators, the Beibu Gulf is divided into
three sedimentary environments (terrestrial, marine–terrestrial alternating, and marine)
and five sedimentary sub-environments (paleo-bay, transgression regression, transgression,
paleo-bay, and modern gulf). By analyzing the sedimentary indicators in this study and
previous research on other cores in the Beibu Gulf. The division of sedimentary environ-
ments in the Beibu Gulf obtained was more similar to the results obtained by previous
researchers through a comprehensive analysis of C4 and B106 cores. This also indicated
that the extracted Sr/Ba value was more accurate in dividing sedimentary environments
than the total Sr/Ba value.

(3) The major climate events recorded by the CIX and the Al/Fe ratio in the BBW25 core
since the late LGM include the East Asian winter monsoon cycle in the late LGM, the H1 cold
event, the BA warm event, the MWP-1A event, the YD cold event, the 8.2 ka B.P. cold event,
the 5.9 ka B.P. cold event, and the Little Ice Age event; the chemical weathering intensity
recorded in the Holocene is slightly greater than that of the late LGM–deglaciation stage.

(4) In summary, the comparison of the sedimentary environments and chemical weath-
ering intensity changes in BBW25 core sedimentary records with major climate events since
the end of the LGM can help to prove the reliability of the simplified framework established
in this paper. It can fully contribute to a better understanding of marine paleoenvironmen-
tal change in the Beibu Gulf and regional response of the marginal seas over to the sea level
of South China Sea changes and the northern Hemisphere climate reconstruction since the
late LGM, and which can be used as a reference for the future climate change research.
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Abstract: This study utilized 50 laboratory experiments to document the evolution of coral beaches
under varying regular wave conditions, including five distinct wave periods and ten wave heights.
Both the type of equilibrium beach and the shape of sand bars were used to represent beach evolution.
The evolution of coral sand beaches was then compared to quartz sand beaches. The experimental
results show that the predicted (modeled) equilibrium profile of a quartz sand beach was not
applicable to coral sand beaches. Compared to sand bars on quartz sand beaches, the distance from
bar crests to the beach berm in coral sand beaches was greater, whereas the erosional depth of sand
troughs was deeper. However, the grain size distribution of sand associated with the coral sand
beach under wave action was consistent with Celikoglu’s law. Both an equilibrium beach profile
classification model and a sand bar shape prediction model for coral sand beaches were developed
based on the experimental data.

Keywords: reef islands; coral sand beach; equilibrium beach profile; coral sand bar

1. Introduction

Coral reef islands form through the accumulation of reef-derived carbonate sediment
(i.e., debris from coral and other marine organism) of sand size (referred to herein as coral
sand) [1] on coral reef platforms by wave and current processes [2,3] (Figure 1). Reefs
and reef islands support important social and ecological systems. For example, coral reefs
serve as natural breakwaters [4] and provide economic services by allowing for urban
development [5] and tourism [6]. According to a recent global survey [7], coral reefs
generate USD 11.5 billion per year in tourism revenues and USD 6.8 million per year in
fisheries revenues and provide USD 10.7 billion in shoreline protection. However, exactly
how islands and the communities that inhabit them will respond over the next century
is still unclear, particularly given the potential sea-level rises (SLR) initiated by global
warming [8].

According to projections by Slangen et al. [9] and Kopp et al. [10], the global sea
level will increase by over 2 m by 2100. The rate of SLR is projected to exceed the rate of
vertical accretion of coral reef platforms (Figure 1) [11]. As a result, the hydrodynamic
conditions of reef flats will change, affecting the entire coral reef island [12]. Previous
studies have concluded that without any human armoring of shorelines, these reefs will
become uninhabitable, forcing people to migrate [13]. However, a survey of 709 atoll
islands in the Pacific and Indian Oceans showed that 73.1% of the reef islands have been
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stable in size over the past few decades; 15.5% and 11.4% had increased or decreased in
size, respectively [14]. Thus, these recent studies [15,16] indicate that coral reef islands are
morphodynamically resilient landforms and that the risk of inundation as a result of SLR is
(and will be) countered by adjustments in the morphology of ocean and lagoonal beaches
(Figure 1: num 4 and 7) associated with the coral reef islands. This natural adaptation of the
reef islands suggests that new predictions of the future trajectory of coral island beaches in
response to the impacts of SLR are needed [16].

Figure 1. Conceptual diagram of the coral reef ecosystem. The red dashed area represents the research
area in this paper. Reproduced from Duvat et al. [14].

Masselink et al. [16] argue that coral reef islands need to be considered as a separate
type of island beach because of their different morphological characteristics. Therefore, a
recent trend is to quantify the responses of sandy beaches associated with coral islands to
varying hydrodynamic conditions. Unlike coral sand beaches, quartz sand beaches have
been extensively studied, and a series of empirical formulas have been proposed through
quantitative analyses to provide guidance for marine engineering projects [17–21].

Quartz sand beach evolution experiments, in which they are subjected to the continu-
ous action of waves, show that beach profiles develop an equilibrium state, referred to as
the equilibrium beach profile. A large number of studies have analyzed the morphology of
balanced beaches and constructed functions to describe them [19,20,22]. Recently, Marini
et al. [23,24] extended Dean’s model [19] to beaches of any profile in the presence or absence
of submerged breakwaters/bars. In addition, the transport patterns of quartz sand have
been analyzed using laboratory experiments and field surveys [17,25,26], allowing for
the classification of balanced shorelines on the basis of scouring and siltation [22,27,28].
Researchers have found from these studies that the presence of sand dams protects the
coast [29]. This has led scholars to study the morphological parameters [30], formation
theories [31], and movement trends of sandbars [32].

An interesting question arises as to whether the theoretical and empirical formulas
developed for quartz sand beaches can be directly applied to coral sand beaches. The same
problem arises with respect to the settling of coral sand particles [33], their threshold of
motion [34,35], and their subsequent dispersion [36]. These findings suggest that coral sand
particles, due to their special bio-skeletal structure and density, deviate significantly from
the values calculated for these parameters using predictive models for quartz sand.

For this study, wave flume experiments were conducted in which a coral sand beach
was subjected to varying regular wave conditions to assess differences in how quartz and
coral sand beaches respond to wave conditions. It provides a new set of experimental data
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on the evolution of coral sand beaches. The evolution of the beach with respect to wave
conditions was characterized on the basis of its classified equilibrium beach profile and sand
bar morphology, both of which were compared to the evolution of quartz sand beaches.
The distribution of coral sand grain sizes during beach evolution was also investigated.
The experimental data were ultimately used to modify the equations for an equilibrium
shoreline classification prediction model developed by Sunamura and Horikawa [28] and
the prediction equations for bar parameters by Günaydın and Kabdaşlı [30].

2. Methodology

Since the 1940s, many researchers have investigated the morphology and evolution
of shoreline profiles using experimental approaches and field measurements. The most
widely used method of classifying equilibrium beach profiles was proposed by Sunamura
and Horikawa [28]. As shown in Figure 2, they suggest that any beach profile can be
classified into three types: (1) type A profiles, which are associated with storm or winter
beaches that form erosional bars in the direction of the sea, (2) type B profiles, which are
found on transitional beaches (the shoreline advances and sand piles up offshore), and
(3) type C profiles, which are found on summer beaches (the shoreline progrades and no
sand deposition takes place offshore). In this study, we refer to Type A as an erosional
beach, Type B as a transient beach, and Type C as a depositional beach.

Figure 2. Classification of equilibrium beach profiles (after Sunamura and Horikawa [28]). The brown
dashed line bit the initial beach profile, the brown solid line is the profile when the beach reaches
equilibrium under wave action, the blue solid line is the still-water level, and the black arrow is the
direction of sediment movement.

In the study of Sunamura and Horikawa [28], parameters that may control the motion
of oblique particle clouds dictate the type of beach profile, and can be expressed by:

Type of equilibrium beach profiles = f (H, L, D50, β) (1)

where H is the wave height in the deep sea, L is the wavelength in the deep sea, D50
is the mean diameter of sediment particles, and β is the foreshore slope. Furthermore,
Sunamura and Horikawa [28] argue that the dimensionless parameters can be defined as
H/L, D50/L, and tanβ; these parameters can be used to develop a predictive model for the
classification of equilibrium beach profiles (Table 1). Based on the results of Sunamura
and Horikawa [28], Xu [37] proposed a relationship (Equation (2)) between the dimen-
sionless parameter containing the settling velocity and the classification of the shoreline
profile. Parameters used to characterise sediment movement contain, in addition to the
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median particle size, D50, the settling velocity of the particles, ω. This relationship can be
expressed as:

Type of equilibrium beach profiles = f

(
H
l

,

√
gH
ω

,
gHT

v
,

√
gHT
d

, tan β

)
(2)

where g is the constant of gravitational acceleration, ν is the kinematic fluid viscosity, H/L is
the wave steepness, (gH)0.5/ω is the relative strength of wave action on the particle, gHT/ν

is the same as the Reynolds number in dimension ( gHT
ν ∼ uL

ν ), and
√

gHT
d is the relative

roughness at the sediment bed. Based on the findings of Jonsson [38], Xu [37] combined gHT
ν

and
√

gHT
d , which represents the bed friction coefficient under wave conditions. Wu [39]

believes that the impinging jet formed by the plunging waves is the main driving force
for sediment transport initiation. Thus, as shown in Table 1, he added wave breaking
parameters (ξ = tan β

(H/L)0.5 ) to the equilibrium beach profile classification model.

Table 1. Most used classification models for equilibrium quartz sand beach profiles.

Ref. Erosional Beach Transient Beach Depositional Beach Equation No.

Sunamura
(1975) [28] (H/L)(D50/L)−0.67(tan β)0.27 > 8

4 <
(H/L)(D50/L)−0.67(tan β)0.27 < 8 (H/L)(D50/L)−0.67(tan β)0.27 < 4 (3)

Xu
(1988) [37]

( H
L
)0.5
(√

gH
ω

)
( fw + tan β) > 0.29

( H
L
)0.5
(√

gH
ω

)
( fw + tan β) < 0.29 0.22 <

( H
L
)0.5
(√

gH
ω

)
( fw + tan β)

< 0.35
(4)

Wu
(2014) [39]

ξ > 0.556 (gH)0.5

ω ( fw + tan β) ξ < 0.556 (gH)0.5

ω ( fw + tan β) 0.394 (gH)0.5

ω ( fw + tan β) ≤ ξ

≤ 0.867 (gH)0.5

ω ( fw + tan β)
(5)

For an erosional profile, the sand bar is subjected to coupled hydrodynamic and
sediment transport processes which change its shape. In order to further investigate the
effect of waves on the shape of sand bars, researchers began to define the shape of sand
dams. The most common way to define a sand dam is shown in Figure 3. The geometric
characteristics of a sand bar are defined by the distance from the equilibrium point to the
original point (Xbe); the water depth at the equilibrium point (hbe); the distance from the
crest point to the original point (Xbc); the water depth at the crest point (hbc); the distance
from the closure point to the crest point (Xbd); and the water depth at the closure point
(hbd). In this paper, we do not consider the effect of coral sand grain size on coral sand
bars; thus, we only compare the models of Silvester and Hsu [40] as well as Günaydın and
Kabdaşlı [30] (Table 2).
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Figure 3. Schematic diagram showing the shape characteristics of a sand bar.

Table 2. Currently used equations for the determination of bar parameters.

Location Geometric Parameters Silvester and Hsu [40] Equation No.

Equilibrium point Xbe Xbe/L0 = 0.96(H/L)/ tan β (6)
hbe \

Bar crest
Xbc

Xbc/L0 = 0.022 + 1.508
(

H
L

)
/

tan β + 0.14
[(

H
L

)
/ tan β

]2
(7)

hbc hbc/(L tan β) = 0.0269 + 0.391Xbc/L (8)

Closure
point

Xbd \
hbd \

Location Geometric Parameters Günaydın and Kabdaşlı [30] EquationNo.

Equilibrium point Xbe Xbe/L = 113.98
(
tan β

√
H/L

)1.9762 (9)

hbe hbe/L = 11.87
[
tan β(H/L)0.5

]1.7626 (10)

Bar crest
Xbc Xbc/L = 64.966

(
tan β

√
H/L

)1.6754 (11)
hbc hbc/L = 3.2041

(
tan β

√
H/L

)1.413 (12)

Closure
point

Xbd Xbd/L = 1.4843(hbd/Xbd)
0.91 (13)

hbd hbd/L = 102.33
[
tan β(H/L)0.5

]1.1813
(14)

3. Experimental Setup

All experiments were conducted in a glass-walled wave flume in the hydraulics
laboratory at the Changsha University of Science and Technology, China. The wave flume
is 40.0 m long, 0.5 m wide, and 0.8 m high. A piston-type wave generator was installed at
one end of the flume, and a coral sand beach was constructed in the wave flume with its
toe 22.0 m away from the wave generator.

Coral sand particles from the South China Sea were used to create the coral sand beach
profile (Figure 1). This carbonate sand consists mainly of coral (95%) and the remains of
nearby organisms (e.g., gastropods and bivalves; 5%,), with a median diameter (D50) of
0.585 mm, a coefficient of nonuniformity (D75/D25) of 1.7, and a coefficient of graduation
(D30

2/(D60D10)) of 0.942.
The experimental setup was developed to reproduce the action of waves over a coral

sand beach environment. Considering the size of the laboratory flume and the wave-making
capacity of the wave maker, the experimental coral reef flat was generalized, but allows
for the evolution of the coral sand beach (Figure 1). A coral sand profile was built over the
flume platform. It was characterized by a slope of 5.5◦ (1:10), a length of 5.00 m, and a height
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of 0.50 m (Figure 4). The water level was maintained at 0.3 m above the platform during all
experiments. The experiment did not simulate the specific environment of the coral sand
beach on the reef flat but was developed such that its parameters could be adjusted to scale
the physical model to a modern occurrence of a coral sand beach. As shown in Table 3,
the hydrodynamic characteristics over the reef flat exhibited a range in wave heights from
0.0 to 1.0 m, a water depth between 0.3 and 3.0 m, and a wave period ranging from 2.0 to
20 s. Yu et al. [1] analyzed the grain sizes of coral reef sediments from 25 different areas
located along the Chinese Nansha Islands. They found that the composition of sand mostly
consisted of gravelly coarse sand; the gravel (>2 mm in diameter) makes up 30–50% to, in
some areas, 50–80% of the sediment. Research conducted on Lady Elliot Island [41] found
that the slope of the coral sand beach on a reef flat is approximately 1:10.

Figure 4. Schematic diagram of the experimental setup. (a) Plan view; (b) side view. Photographs
were obtained from the grey stippled area.

Table 3. Summary of hydraulic characteristics measured over the coral reef flats.

Ref. Research Location Wave Height (m) Water Depth (m) Wave Period (s)

Hardy and Young [42] The Great Barrier Reef 0.2~1.3 0.24~2.97 2.1~9.5
Nelson [43] John Brewer Reef 0.1~0.7 0.8~2.7 3.0~5.2

Lowe et al. [44] Kaneohe Bay 0.4~0.6 1.2~2.3 /
Vetter et al. [45] Ipan, Guam 0.0~0.6 0.3~0.6 /
Taebi et al. [46] Ningaloo Reef 0.0~0.5 1.0~2.0

Becker et al. [47]
The College of the Marshall Islands 0.0~0.3 0.4~0.8 6~23.7

Roi-Namur 0.0~0.2 0.4~0.8 4.3~20.9
Ipan, Guam 0.0~0.1 0.5~0.7 4.9~19.6

Pomeroy et al. [48] Ningaloo Reef 0.0~0.2 1.0~2.0 10~20
Lentz et al. [49] Red Sea 0.0~0.2 0.3~1.2 4~8

In this paper the main dynamic factor of sediment movement is wave action. Therefore,
scaling the experimental model mainly considered two aspects of wave motion, including
similarity and sediment motion similarity under wave action. Thus, the geometric scale
factor (NL = HPrototype/Hmodel = 4) and the time scale factor followed the Froude criterion
(NT = TPrototype/Tmodel = NL

0.5 = 2) and were set following the Froude similitude criterion.
Table 4 provides the wave conditions in the experiments, each of which was run for 3 h

31



J. Mar. Sci. Eng. 2024, 12, 287

(which was sufficient time to develop an equilibrium profile). The sediment sample area is
shown in Figure 4, and it was taken at the depth of 2 cm (to the seabed).

Table 4. Summary of scale-reduction factors for the experiments and utilized test conditions.

Parameters Natural Range Scale Factor Experimental Set Value

Sediment Particle size, D (mm) >2 4 0.585

Hydraulics
Wave height, H (m) 0.0–1.0 4 0.04, 0.05, 0.07, 0.08, 0.11,

0.12, 0.13, 0.14, 0.15, 0.16
Water depth, h (m) 0.3–3.0 4 0.3
Wave period, T (s) 2.0–20 2 1.4, 1.5, 1.6, 1.7, 1.8

Wave gauges (ULS 80D, General Acoustics, Germany) were used to record the wave
data, whereas a topographic surveying system (RUI-III, Wuhan University, Wuhan, China)
was used to survey the topo-bathymetry of the beach profile. A camera (Sony IXM 586,
Sony, Japan) was used to record the morphological evolution at one-second intervals during
the tests. The particle size distribution of the coral sand particles was measured using
a laser particle sizer (Malvern Instruments MasterSize2000, Malvern Panalytical, United
Kingdom: It uses the technique of laser diffraction to measure the size of particles. It does
this by measuring the intensity of light scattered as a laser beam passes through a dispersed
particulate sample).

4. Results

4.1. Evolution of the Coral Sand Beach Profile

For all experiments, our observations revealed that a large amount of coral sand as
suspended sediment entered the water column from the sediment bed and started to move
as the waves entered the breaking phase. Six snapshots extracted from the video recordings
are shown in Figure 5 for waves characterized by h = 0.3 m, H = 0.07 m, and T = 1.8 s. Each
of these images shows the same field of view that starts at X = 1.5 m and ends at X = 2.9 m.
Figure 5a shows that the surface of the water remains still (calm) and the water is clear
before the waves reach the coral sand beach. Figure 5b subsequently shows that when the
wave peak reaches x = 2.0 m, the waveform begins to change. A turbid area appears in front
of the wave peak (the starting point of the turbid area is located at X = 2.05 m, Figure 5b),
indicating that the coral sand has become suspended in the water. The wave begins to break
when the peak reaches x = 2.3 m, at which point air bubbles enter the rolled wave, and the
starting position of the turbid region moves from X = 2.05 m to X = 2.15 m. As the seawater
recedes from the beach, the starting position of the turbid region moves (Figure 5e,f) until
it is stabilized at X = 1.6 m. In the wave breaking zone, the bed is scoured to form a sand
trough. Meanwhile, a beach berm is formed at the shoreward end and a smaller sand bar is
formed at the offshore end. As time increases, the area of the sand trough expands until the
morphology of the coral sand beach profile reaches an equilibrium (constant) state.

The initial coral sand beach profile and those after running several hours are plotted in
Figure 6 for two cases. In Figure 6b, local scour is observed between X = 1.3 and 2.8 m. The
extent of the sand trough increased with the duration of the test, and the depth of the trough
reached an equilibrium profile after 300 min. The beach berm appeared between X = 3.0
and 3.8 m. According to the classification of Sunamura and Horikawa [28] (Figure 2), the
developed equilibrium beach profile represents a deposition beach. In Figure 6a, the initial
beach reached equilibrium after 300 min. A beach berm was formed by siltation between
X = 2.8 and 3.8 m, whereas a sand trough was formed by scouring between X = 1.3 and
2.8 m.

When the beach profile reaches equilibrium, bed sands are sampled (blue area in
Figure 4) and changes in bed sand characteristics are recorded. The results are shown in
Figure 7. The median grain size of the sediment near the top of the shoulder beach and the
bottom of the sand channel becomes larger compared to the initial sediment. The median
grain size of the sediment near the wave-facing side of the shoulder beach and the sand
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pattern in the offshore zone becomes smaller. Combined with a series of snapshots, Figure 5
shows that the turbulence increased after wave breaking and a large number of vortices
appeared leading to sediment starting. Coarse-grained sediment settles after initiation due
to the lack of current carrying capacity, meaning that the median size of the sediment near
the sand trough is larger. Fine-grained sediment becomes suspended in the water column
with the wave offshore transport movement and finally settles in the offshore area, meaning
the median particle size of sediment near the offshore sand grain is smaller. At the same time,
the upwelling current carries the bed sediment to the shore, and the coarse-grained sediment
is carried to the top. As the upwelling velocity decreases, the coarse-grained sediment is silted
up, so the median particle size of the sediment near the beach berm is larger.

  

  

  

Figure 5. Snapshots (25 fps) of the wave breaking process and the accompanying change in the coral
sand beach profile for a water depth of h = 0.3 m, a wave height H = 0.07 m, and wave period of
T = 1.8 s. (a) t = 0 s, (b) t = 8.84 s, (c) t = 9.56 s, (d) t = 10.8 s, (e) t = 10 min, (f) t = 30 min. The yellow
dashed line is the initial beach profile and the red solid line is the beach profile under wave action.
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Figure 6. Changes in the coral sand beach profile when affected by regular waves between 30 and
300 min. (a) H = 0.09 m, T = 1.5 s; (b) H = 0.05 m, T = 1.5 s.

Figure 7. Changes in sediment grain size distributions and the bed elevation after being subjected
to regular waves (a,b). X0 and Y0 represent the location of the original point. The value of Y/Y0

indicates siltation and scour (Y/Y0 > 0 means siltation, Y/Y0 < 0 means scour). The value of X/X0

indicates the position relative to the mean water level (i.e., when X/X0 > 1.0 the position is above the
mean water level).

4.2. Classification of Equilibrium Coral Sand Beach Profiles

Independent tests of beach classification (Equations (3)–(5)) were performed using
our experimental data. Results of the observed experimental data (shown in Figure 8)
were classified using the types of equilibrium beach profiles proposed by Sunamura and
Horikawa (1975) (Figure 2). The distribution of the experimental classification data is
similar to the results of Sunamura and Horikawa [28], Rector [27], and Watts [50]. The
constant terms in Table 1 can be referred to as the coefficients of determination, α. Moreover,
the coefficient of determination, α, 4, 8 (the dash line shown in Figure 8a), proposed by
Sunamura and Horikawa [28] did not effectively classify the coral sand beach types. For
beaches characterized by siltation (type C), the coefficient of determination, α, is smaller
than the actual value. Moreover, the coefficient of determination, α, is greater than the
actual value for erosional beaches. This indicates that the transitional area of coral beaches
is smaller than that associated within quartz sand beaches.

When using the classification method of Xu [37] to predict the coral sand beach type,
the erosional beach can be accurately classified, but there are errors in the prediction of the
siltation and transitional beaches. As shown in Figure 8b, when α > 3.5, this area includes
data points for both siltation and transition beaches. When α is between 2.9 and 4.5, both
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transitional and erosional beaches are present. Compared with the classification model
of Wu [39], α = 0.867 can distinguish siltation beaches and transitional beaches. However,
within the interval of 0.394 < α < 0.867, some of the siltation beaches were incorrectly
predicted to be transition beaches.

Comparing the trends in the experimental data on the different regime maps,
(H0/L0~(D/L0)0.67i−0.27 and (H0/L0)−0.5~(gH)0.5(fw + i)/ω), the slope of the dividing line is
most similar to the trends observed on a phase diagram for the same type of experimental
data in Sunamura and Horikawa [28]. Therefore, herein we propose an equilibrium beach
profile type prediction model that is applicable to coral sand beaches by parameter correct-
ing the predictive classification model of Sunamura and Horikawa [28] (Figure 8a), where:

(H0/L0)(D/L0)
−0.67(tan β)0.27 > 7.35, Type A¯Erosional Beach (15)

5.05 < (H0/L0)(D/L0)
−0.67(tan β)0.27 < 7.35, Type B¯Transient Beach (16)

(H0/L0)(D/L0)
−0.67(tan β) < 5.05, Type C¯Depositional Beach (17)

 

Figure 8. Comparison of the experimental results with the different limits of classification for
equilibrium beach profiles. (a) Classification by means of Equation (3) of Sunamura and Horikawa
(1975) [28]; (b) classification conducted using Equation (4) of Xu (1988) [37]; (c) classification using
Equation (5) of Wu (2014) [39].

4.3. Geometric Characteristics of Offshore Coral Sand Bars

Figure 9 compares the distance from the wave crest point to the original point (Xbc) and
the water depth at the bar crest (hbc) with the value derived from the quartz sand prediction
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equation used by Günaydın and Kabdaşlı [30]. The water depth at the bar crest is greater
for the coral sand bar compared to the quartz sand bar under the same regular wave action.
Coral sand bars are located further from the berm. Thus, the depositional location of coral
sand particles is further from the berm than for a quartz sand beach. Moreover, with an
increase in the dimensionless parameter, tanβ (H0/L0)0.5, Günayd’s model predictions
follow the same trend as the measured values obtained during our experiments.

In order to compare the applicability of the predictive model for a quartz sand bar
to a coral sand bar, the predictive models proposed by Günaydın and Kabdaşlı [30] and
Silvester and Hsu [40] were parametrically corrected. The equations determined by non-
linear regression and their correlation coefficients are shown in Table 5. Figures 10–12 show
the experimental geometric characteristics of coral sand bars and the modified predictive
models based on quartz sand bars in relation to the unfactored particle diameters. The
figures illustrate that the functional relationship (polynomial structure) obtained through
the experiments on the quartz sand bars also applies to the features of coral sand bars.

  
Figure 9. Comparison of our experimental data with the modeled data predicting the distance from
the crest point to the original point (Xbc) and water depth at the bar crest (hbc) proposed by Günaydın
and Kabdaşlı [30].
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Figure 10. Comparison of the experimental results of the geometric characteristics of the equilibrium
point generated herein with the modified prediction models. The red dashed line is the result of the
corrected equation.
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Figure 11. Comparison of geometric characteristics of bar crests from the experimental data with the
modified prediction models. The red dashed line is the result of the corrected equation.

 
Figure 12. Comparison of the geometric characteristics of the closure point of the experimental results
with the modified prediction models. The red dashed line is the result of the corrected equation.

The regression coefficients for each of the predictive equations are shown in Table 5
(columns 4 and 6). A comparison of the results of the corrected model developed by
Günaydın and Kabdaşlı [30] with that of Silvester and Hsu [40] shows that the structure of
the model of Silvester and Hsu [40] is applicable to the geometrical characteristics of the
crest of the coral sand bar. The model structure of Günaydın and Kabdaşlı [30] was applied
to the geometric characteristics of the equilibrium and closure points of coral sand bars.
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Table 5. Modifications of equations for geometric parameters of coral sand bars based on models
provided by Günaydın and Kabdaşlı [30] and Silvester and Hsu [40].

Location
Geometric
Parameters

Silvester and Hsu [40] R2 Günaydın and Kabdaşlı [30] R2

Equilibrium
point

Xbe Xbe/L = 0.6(H/L)/ tan β 0.75 Xbe/L = 72.51
(
tan β

√
H/L

)1.433
0.89

hbe \ hbe/L = 11.792
[
tan β(H/L)0.5

]1.555
0.88

Bar crest
Xbc

Xbc/L = 0.012 + 1.219
( H

L
)
/

tan β − 0.804
[( H

L
)
/ tan β

]2 0.75 Xbc/L = 8.113
(
tan β

√
H/L

)0.78
0.72

hbc hbc/(L tan β) = −0.0249 + 0.7719Xbc/L 0.74 hbc/L = 0.219
(
tan β

√
H/L

)0.976
0.70

Closure
point

Xbd \ Xbd/L = 0.058(hbd/Xbd)
−0.937 0.96

hbd \ hbd/L = 25.343
[
tan β(H/L)0.5

]1.651
0.86

5. Discussions

During the initial stages of beach evolution under regular wave action, the waves
gradually deform by creeping up the slope, creating a wave-generated flow at the bed
surface and driving coral sands on the beach into the water column (Table 4, Figure 5b). It
is worth noting that the turbid zone occurs before the wave crest and the turbidity is low
during this phase. When the wave reaches the region shown in Figure 5c, it begins to break
and form an impinging jet [51]. Under the action of the impinging jet, irregular vertical
vortices appear at the crest of the wave and descended obliquely [52]. These vortices drive
a large amount of coral sand upward, creating the turbid zone, including that at the back
of the wave crest. As the impinging jet enters the water column, tumbling occurrs on the
free surface (Figure 1d), and a region of high turbidity occurrs between x = 2.45 and 2.75,
which indicates that a large number of coral sand particles are lifted into the water column
at this stage. This type of sediment movement has been observed in previous studies of
quartz sand banks [17], indicating that coral sand beaches are similarly affected by wave
movement mechanisms as quartz sand beaches. In addition, as suggested by Çelikoğlu
et al. [53], the smaller particles of sediment are easily entrained by a current caused by
infiltration into the pore space between the coarse particles. During the return phase of the
current, a thin, high-speed layer of water removes coarse particles from the bed surface
sediment, while the fine particles remain stationary because of the shading effects by coarse
particles. As a result, the median particle size of the bed sediment near the shoreline
becomes smaller. In the offshore area, due to the emergence of the breaking waves, strong
turbulence leads to a decrease in the sand-carrying capacity of the water current, and the
coarse particles of sediment settle rapidly. Thus, the median particle size of sediment in
the siltation area becomes larger. This suggests that the pattern of bed sediment sorting of
coral sandy beaches under regular wave action is similar to that of quartz sand beaches.

However, the results of equilibrating beach classification show that the existing pre-
dictive model for the classification of quartz sand beaches is not applicable to coral sand
beaches. This is because the dimensionless parameters from Sunamura and Horikawa [28]
consider only the effects of wave steepness, wave intensity, and bank slope while ignoring
the characteristics of sediment movement (starting flow velocity, settling velocity, etc.).
Previous studies [33–35] have shown that coral sands are irregular in shape and have a
high porosity, which leads to different settling velocities, starting velocities, and diffusion
patterns for coral sand particles in comparison to quartz sand. These particle properties in
turn affected the rate of coral sand transport from the shore to offshore and cause varia-
tions in the coral sand shoreland delineation boundary coefficients. It is worth noting that
while the classification prediction models of Wu [39] and Xu [37] include particle settling
velocity, the classification of beach type is unclear (Figure 4b,c). This may be due to the
fact that particle settling velocity formulas are not applicable to coral sand particles and
that the existing settling formulas for coral sand particles are single particle-dominated.
The applicability of these formulas for a large number of particles in motion needs to be
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investigated. Meanwhile, it is worth noting that the R2 of the modified bar top prediction
model is only around 0.7 to 0.8. This suggests that the two forms of formulations do not
fully correspond to the physical evolution of the coral sand beach. This phenomenon also
occurs when modeling the prediction of coral sand particle initiation velocities [34,35] and
settling motions [33]. Moreover, beach profile changes are the result of the complex motions
of multiple particles, so in this paper only parameter corrections are used to propose a
prediction model applicable to coral sand beach profiles. The predictive models are only ap-
plicable to experimental data in regular wave conditions. In the future, it will be necessary
to collect field data to test the applicability of the predictive models.

6. Conclusions

In this study, a set of laboratory experiments were conducted to investigate changes
in coral sand beach profiles under specified regular wave conditions. A total of 50 runs
were performed with regular waves consisting of ten different wave heights and four wave
periods. The water depth and initial slope angle, tanβ, were assumed to be constant and
equal to 0.3 m and 0.1, respectively, limiting our understanding of sediment deposition
on coral sand beaches by regular waves. The following conclusions were drawn from
the experiments:

(1) Observations of hydrodynamic processes and the movement of coral sand on the bed
surface suggest that the evolution of a coral sand beach is similar to the evolution of a
quartz sand beach. The morphological characteristics of the sand bar show that the
erosion depth of a coral sand beach is deeper than that of a quartz sand beach. The
location of sand bar formation is further from the horizontal plane than the quartz
sand beach. These differences are related to sediment transport and depositional
processes, such as the starting flow rate and settling velocity of coral sand particles,
among other parameters.

(2) The results show that the predictive model for the classification of the type of quartz
beach profile is not applicable to coral sand beaches. A classification prediction model
for coral sand beaches was proposed through parameter modification.

(3) Geometrical features of coral sand bars on erosional beaches were obtained and
compared with a prediction model for a quartz sand bar. The results show that
the prediction model for a quartz sand bar is not applicable to a coral sand bar. A
prediction model for a coral sand bar was proposed through parameter modification.

Although this paper investigates the effect of regular waves on the evolution of coral
sand beaches and compares the prediction models of previous quartz sand beaches, only
the evolution of stable coral sand islands and one water depth were considered in this paper.
Two other commonly observed cases in which coral sand islands are located in tidal shoals
and the sandbar stage were not considered. In order to further study the evolutionary
mechanism of coral sand islands under SLR, the model should be generalized for these two
stages in the future. That is, beach evolution should be studied when the sand island is
becoming submerged and once it becomes completely submerged.
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Abstract: Thick red clay in northern China contains rich information about the uplifting of the
Qinghai–Tibet Plateau, the drying process of Asian inland, the East Asian monsoon changes, and
global cooling since 22 Ma. In comparison, the red clay widely distributed in southern China is
generally much younger (<1 million years), thus limiting the paleoclimate and paleoenvironment
reconstruction over a longer geological time. We conducted a comprehensive magnetic investigation
on the Pliocene red clay of the core LQ11, located in the Yangtze Delta, to reveal its paleoclimate and
paleoenvironment implications for the eastern China coast. Our results revealed that the Pliocene
red clay in the Yangtze Delta has higher S-ratio and lower HIRM (Hard isothermal remanent mag-
netizations) values than Quaternary vermiculate red clay of hot–humid climate origin in southern
China. This indicates a weaker transformation from maghemite to hematite during the process of
pedogenesis. The lack of net-like white veins in the Pliocene red clay also indicates a relatively low
intensity of pedogenesis. We believe that the Pliocene red clay, which is presently 250 m below the
mean sea level, was formed in high-altitude topography before the Quaternary period, where paedo-
genic intensity was remarkably low. This finding shows rapid tectonic subsidence occurring on the
eastern China coast since the late Pliocene and enriches the theoretical research on paleoenvironment
reconstruction based on red clay.

Keywords: Pliocene; magnetic properties; paleoenvironment; East Asian monsoon; Yangtze Delta

1. Introduction

The red clay, also named red soil or red earth, is widely distributed in northern and
southern China and is an ideal sediment archive for exploring the late Cenozoic climate
and environmental evolution (Figure 1a). The red clay underlain by the Quaternary loess
in northern China was formed in Miocene–Pliocene and provides key insights into the
onset of East Asian monsoons, the uplift of the Tibetan Plateau, and related desertification
of the Asian interior since 22 Ma [1–3]. In comparison, the red clay in southern China,
covering an area of 20 × 105 km2, is generally composed of—from the bottom to the
top—yellow vermiculated earth, uniform red clay, and brown earth [4]. The red clay in
the southern regions contains abundant Palaeolithic sites harbouring rich information on
human evolution. However, its deposition began about one million years ago and is much
younger than that in northern China, thus limiting, to a certain extent, the reconstruction of
the paleoenvironment in the subtropical and tropical areas of Asia [5,6].
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Figure 1. (a) Map showing the distributions of Neogene red clay and Quaternary loess in northern
China and Quaternary red clay in southern China. EASM: East Asia summer monsoon; EAWM: East
Asia winter monsoon. The location of the sampling site (star); Tertiary red clay sections (triangle; JX:
Jiaxian) in northern China, and Quaternary red clay sections (dimand; XS: Xiashu; XC: Xuancheng;
JH: Jinhua) in southern China. (b) The topography of the Yangtze Delta and its surrounding areas;
the cores distributed in the Yangtze Delta.
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The magnetic properties of rocks and sediments are sensitive to environmental changes
and are described in different research fields, such as magnetostratigraphy, palaeomag-
netism, and environmental magnetism. Environmental magnetism investigates the forma-
tion, transport, deposition, and post-depositional alteration processes of magnetic minerals
under various environmental conditions. [7–11]. For Neogene red clay in northern China,
ultrafine magnetic minerals (maghemite) produced during pedogenesis enhance the mag-
netic susceptibility (χlf) of sediments under warm and wet climates [12]. The red clay in
southern China, especially vermiculate red clay, has experienced a much stronger pedogen-
esis with higher temperature and rainfall than that in northern China, and more paedogenic
maghemite has been transformed into hematite [13,14]. As recorded by the variations in
magnetic properties, the red clay from both northern and southern China documented the
evolution of the paleoenvironment in Asia, especially the East Asian paleomonsoon [13–17].

We recently discovered red clay from the Pliocene age in a 301-m-long sediment core
LQ11 in the Yangtze Delta, with a buried depth greater than 250 m, which is younger than
that in northern China, but older than in southern China (Figure 1b). Here, we analyse
the magnetic properties of the Pliocene red clay and further reveal its paleoclimate and
paleoenvironment implications by comparing it with Neogene red clay in northern China
and Quaternary red clay in southern China.

2. Geographic Background

The Yangtze River, one of the longest rivers (>6300 km) in the world, originates from
the Tibetan Plateau and flows into the East China Sea [18]. The Yangtze River Delta is
located between 30◦20′ to 32◦30′ N and 119◦24′ to 122◦30′ E. It borders the Yellow Sea and
East China Sea to the east and is bounded by the Tianmu Mountain and Maoshan to the
west. The northern boundary is marked by the line connecting Yangzhou City, Taizhou
City, and Rudong City, while the southern boundary is defined by the northern shore of
Hangzhou Bay.

The predominant bedrock in the Yangtze Delta region is composed of igneous rocks
that were formed from the Neoarchean to the Late Cenozoic. Among them, the Late Jurassic
and Cretaceous igneous rocks have the widest distributions, accounting for more than
two-thirds of the total bedrock area. The residual hills exposed in the southern region are
also of igneous origin. Sedimentary rocks are scattered and include sandstone, tuffaceous
limestone, and volcanic breccia. Metamorphic rocks have the smallest distribution area in
the region and are only found in the southern areas.

The extent of marine transgression in the Yangtze River estuary region reached its
maximum 8000–7000 years ago [18]. The sea level then remained relatively stable, resulting
in the accumulation of a large amount of sediment carried by the Yangtze River into the
estuarine area. This caused the coastline to steadily advance seaward, gradually forming
the modern delta.

The delta has low-lying topography, with an average elevation of about 4 m. Apart
from a few exposed bedrock hills in the southern region, the majority of the Yangtze Delta is
characterized by a cover of thick and loosely deposited sediments that are in unconformable
contact with the underlying Mesozoic intermediate-acidic igneous bedrock. Pliocene strata
are found only in sporadic depressions, typically with a thickness of less than 40 m. Moving
into the Quaternary period, the strata reach their maximum thickness along the east coast,
exceeding 300 m, and gradually thin out and disappear towards the west.

3. Materials and Methods

A 301 metre long and continuous sediment core (LQ11) was taken from the Yangtze
delta (Figure 1b). A total of 277 samples from the whole core, including 19 samples in the
Pliocene strata, were collected for measurement (Table 1).
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Table 1. Sampling depth and sediment granularity.

Sample No. Depth (m) Clay (%) Silt (%) Sand (%) Md (μm)

LQ11-1 301 27.40 61.90 10.70 24.34
LQ11-2 300 44.60 54.50 0.90 14.75
LQ11-3 297 40.10 59.89 0.01 8.08
LQ11-4 295 33.60 61.00 5.40 21.13
LQ11-5 292.5 38.30 60.00 1.70 11.14
LQ11-6 288 57.40 42.50 0.10 6.88
LQ11-7 285 56.60 43.20 0.20 7.20
LQ11-8 284 25.60 68.90 5.50 19.77
LQ11-9 282.5 30.50 63.80 5.70 19.43

LQ11-10 280 60.00 40.00 0.00 6.64
LQ11-11 276.5 30.10 62.30 7.60 21.13
LQ11-12 273.5 35.20 58.70 6.10 20.38
LQ11-13 270.8 36.90 57.50 5.60 19.11
LQ11-14 268 44.70 54.70 0.60 12.17
LQ11-15 265.5 26.70 64.90 8.40 24.46
LQ11-16 262 36.20 56.00 7.80 20.71
LQ11-17 257.5 24.20 71.00 4.80 18.32
LQ11-18 255 32.60 64.20 3.20 14.39
LQ11-19 253.2 35.40 59.00 5.60 17.83

Magnetic susceptibility (χlf and χhf) was measured using a Bartington MS2. After
being demagnetized with a Dtech2000 (maximum alternating magnetic field: 100 mT, di-
rect current magnetic field: 0.04 mT) to obtain non-hysteretic remanent magnetization, the
sample was placed in a Minispin magnetometer to measure its remanent magnetization. Sat-
uration isothermal remanent magnetization (IRM) was obtained using an MMPM10 pulse
magnetometer at a 1 T magnetic field. S-ratio was calculated as −IRM − 300 mT/SIRM,
and HIRM = (SIRM – IRM − 300 mT)/2.

Based on the above parameters of the samples at room temperature, typical samples
were selected for hysteresis loop and thermal demagnetization curve measurements using
a variable field magnetic balance (VFTB). First-order reversal curve (FORC) was performed
with a MicroMag3902 gradient magnetometer.

Four typical samples were selected to extract magnetic minerals, perform mineral
morphology scanning, and measure the energy spectrum. The scanning electron microscope
used was a JEOL JSM4800F field emission scanning electron microscope, and the energy
spectrum testing instrument used was an Oxford Instruments X-ray energy spectrum
analyser. Particle size testing was performed using a Coulter LS-100Q laser particle size
analyser (measuring range: 0.02–2000 μm).

4. Results

4.1. Lithology of the Core LQ11

The LQ11 borehole recorded the Gauss, Matuyama, and Bruhess polarities based on
a comparison of the magnetic inclination changes with a standard polarity column [19].
The boundaries of the three polarities were marked at 252 m and 112 m, where the section
above 252 m is characterized by Gauss normal polarity, the strata between 252 m and 112 m
exhibits Matuyama reverse polarity, and the interval from 112 m to the top of the borehole
corresponds to Bruhess normal polarity.

The regional bedrock present below the red clay was Mesozoic basalt. The Pliocene red
clay, found at depths between 301 and 252.7 m, is unconformably positioned on the regional
bedrock (Figures 2 and 3). Within the layers of the Early Pleistocene period (252.7–112 m)
are noticeable occurrences of four sedimentary cyclothems. These are characterized by a
base of grey gravelly sand and coarse sand, which are subsequently covered by layers of
brown silt. Moving into the Middle Pleistocene strata (112–67.6 m), there is an observable
pattern of alternating strata. These comprise layers of gravelly sand along with various
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grades of sand, ranging from coarse to fine. Transitioning to the late Pleistocene strata
(67.6–41.3 m), distinct thick cyclic units become apparent and are predominantly composed
of greyish coarse sand and silt. The Holocene strata, spanning from 41.3 to 0 m, are
characterized by deposits of fine sand and clayey silt.

 

Figure 2. Lithology, mean grain size, abundance of foraminifera, and magnetic properties of the
core LQ11.

4.2. Magnetic Properties of Pliocene Red Clay in Core LQ11

Generally, the magnetic parameters of Pliocene red clay in core LQ11 exhibit small
down-core fluctuations (Figure 4). The χlf is lower than 21.18 × 10−8 m3kg−1, and SIRM
ranges from 615.09 to 2623.45 × 10−5 Am2kg−1, which means that there are fewer ferri-
magnetic minerals in the clay [7]. χfd% is generally lower than 5%, indicating the small
contribution of viscous superparamagnetic particles (VSP, ∼0.02 μm) of magnetic grains to
the susceptibility signal. Low values of χARM and χARM/χlf imply low concentrations of
single-domain magnetic minerals [8]. The S-ratios are all less than 0.8, indicating a high
proportion of hard magnetic minerals.
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Figure 3. Lithology photos of the Pliocene strata in the core LQ11. Below 301 m, consists of a bedrock
of black basalt; 301–252.7 m represents the Pliocene strata; and the lower stratum (301–283.5 m) is
mostly dark red, while the upper section (283.5–252.7 m) is bright red, with the presence of calcareous
nodules; above 252.7 m, consists of the Quaternary strata, yellow-brown coarse sand, and a mixture
of gravel and clay.

The thermomagnetic curves, hysteresis loops, and FORC diagrams obtained from
the two representative samples exhibit similar patterns, indicating the presence of the
same magnetic minerals in the red clay (Figure 5). A small convex shape observed in
the heating curve between 150 ◦C and 300 ◦C suggests the formation of maghemite from
Fe-hydroxides such as goethite. A significant decrease in magnetization occurs before
reaching 580 ◦C, indicating the widespread occurrence of magnetite (Figure 5a,d). Slight
decreases in magnetization up to 680 ◦C suggest the presence of hematite (Figure 5a,d).
The raw and dia/para-corrected hysteresis loops display noticeable differences, which can
be attributed to contributions from paramagnetic or diamagnetic components (Figure 5b,e).
The corrected loops exhibit a characteristic wasp-waisted shape and do not close until a
field strength of 1000 mT is reached. This behaviour is often associated with the coexistence
of two magnetic components with distinctly different coercivities (Figure 5b,e). The FORC
diagrams provide valuable insights into the magnetic properties of the samples. Along the
Hu axis (>60 mT), the contours show a greater degree of divergence, indicating a wider
range of coercivity values. On the other hand, along the Hc axis (<80 mT) is a distribution
of low coercivity values. These features suggest that the samples are dominated by multi-
domain (MD) magnetite grains (Figure 5c,f).
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Figure 4. Magnetic parameters, including χlf, SIRM, χfd%, χARM, χARM/χlf, S-ratios, HIRM, and
SIRM/χlf, of the Pliocene red clay.

To determine the specific magnetic minerals present, we conducted SEM observations
and EDS analyses on representative samples’ magnetic extracts. The SEM images revealed
that the magnetic particles consist of irregularly shaped iron oxides, such as magnetite
and hematite, which is also revealed by the high peaks of O and Fe on the EDS spectra
(Figure 6).
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Figure 5. Magnetic properties of representative samples at depths of 268 and 292.5 m. (a,d), thermomag-
netic curves; (b,e), black: heating curves; grey: cooling curves), hysteresis loops; (c,f), FORC diagrams.

Figure 6. SEM images (a,c) and EDS spectra (b,d) of representative samples at depths of 268 and
292.5 m, respectively. Under the scanning electron microscope, magnetic minerals exhibit irregular
shapes, smooth surfaces, and relatively large particles.

5. Discussion

5.1. Main Controlling Role of the Magnetic Properties of Pliocene Red Clay

The magnetic minerals may originate from detrital, biogenic, or authigenic sources [8].
Biogenic magnetite or greigite, typically formed through magnetotactic bacteria’s biominer-
alization process, usually exhibits a single domain size (SD). In the FORC diagram, this
type of mineral would be characterized by a narrow vertical spread along the Hu axis
(<20 mT) and a wide horizontal spread along the Hc axis [19]. However, no iron sulphides
were detected in the Pliocene red clay, which is supported by their low SIRM/χ values, the
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presence of divergent contours in the FORC diagram, and the absence of an S peak in the
EDS spectra (Figure 5). Authigenic iron sulphides are formed through post-depositional
reductive diagenesis. However, no iron sulphides are detected in the Pliocene red clay,
which is supported by their low SIRM/χ values, a FORC diagram characterized by more
divergent contours along the Hu axis, and no S peak in the EDS spectra (Figures 4–6). The
total organic matter content is generally low, likely minimizing the vulnerability of the
sediment to reductive dissolution (Table 2). Therefore, the magnetic minerals in Pliocene
red clay were mainly of detrital origin.

Table 2. Magnetic susceptibility, mean grain size, TiO2/Al2O3, and TOC values of representative samples.

Depth (m) χlf (10−8 m3kg−1) Md (μm) TiO2/Al2O3 TOC (%)

295 9.18 21.13 0.070 0.33
285 14.45 7.20 0.063 0.30

270.8 13.36 19.11 0.068 0.27
255 15.45 14.39 0.066 0.25

Either wind-blown dust or terrigenous materials (soil) from local catchments could
be potential sources of detrital sediments. The magnetic properties of the sediments are
different from those in the northern Chinese Loess Plateau (Figure 7). Therefore, the
magnetic minerals of sediments are probably derived from the soil of local catchments,
which is also supported by the surrounding cores in terms of their magnetic, heavy minerals,
and geochemical proxies [20,21].

Although there were slight differences in the magnetic properties in the upper part
of the core, the provenance of red clay did not change significantly during the Pliocene
era (Figure 4). This is supported by its stable Ti/Al ratios, which are widely used as a
provenance indicator for various sediments [22,23]. Therefore, the Pliocene red clay can
shed light on our understanding of the local paleoclimate and paleoenvironmental changes
in the Yangtze Delta.

5.2. High Altitude Formation of Pliocene Red Clay

Maghemite is a transitional mineral, from ferrihydrite to haematite, during pedo-
genesis processes in soil [24,25]. As the degree of pedogenesis increases, more paedo-
genic maghemite is transformed into haematite [26]. The transformation of maghemite
to haematite during a strong pedogenesis process played a crucial role in the magnetic
depletion of the Quaternary vermiculate red clay in the Xuancheng (XC), Jinhua (JH), and
Qiyang (QY) sections of southern China [13,27,28]. Therefore, magnetic parameters such as
S-ratios and HIRM, which reflect the relative content of haematite, can be used to estimate
the degree of paedogenic processes. Compared with Quaternary vermiculate red clay in
southern China, Pliocene red clay generally has higher S-ratios and lower HIRM values,
suggesting lower concentrations of haematite and intensity of pedogenesis (Figure 7d).

The Quaternary red clay in southern China generally consists of—from the bottom
to the top—yellow vermiculated earth, uniform red clay, and brown earth. The net-like
white veins in the Vermiculated earth resulted from iron depletion under high temperatures
and abundant rainfall conditions, implying an extreme East Asian summer monsoon [29].
However, the net-like white veins were not observed in the Pliocene red clay of the core
LQ11 (Figure 3), probably reflecting a temperate and slightly dry climate in the Yangtze
Delta during the Pliocene, and that the Pliocene red clay had undergone a relatively low
intensity of pedogenesis.
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Figure 7. Magnetic properties of sediments from different strata, including Tertiary red clay from
Jiaxian (TRC-JX) in northern China [30], and Quaternary loess from Xiashu (QL-XS) [31], Quaternary
vermiculate red clay from Jinhua (QVRC-JH) [28], Xuancheng (QVRC-XC) [32], and Pliocene red clay
of the core LQ11 (LPRC-LQ11) in southern China.

Pedogenesis, the process of soil formation, often influences the magnetic properties
of the soil through the transformation of magnetic iron oxides [7]. The degree of chemical
weathering and pedogenesis in East Asia are generally controlled by the local climate
and are closely associated with monsoon intensity [33]. Thick and continuous Quaternary
Loess–Neogene red clay sequences on the Chinese Loess Plateau preserve high-resolution
archives for fluctuations of the East Asian monsoon during the late Cenozoic. Paedogenic
ultrafine (nanoscale) magnetite/maghemite in warm and humid conditions enhanced the
magnetic properties of sediments significantly, and thus magnetic parameters such as
χlf were widely used to interpret the effect of environmental and climatic change on the
Chinese Loess Plateau. Magnetic records combined with geochemical data from a series
of sections indicate that the summer monsoon intensity has been enhanced since 8 Ma
and reached a maximum in 4.5–2.6 Ma, possibly due to tectonic events such as the phased
uplift of the Tibetan Plateau [34]. Due to global cooling, the summer monsoon initiated a
weakening trend in East Asia after 2.6 Ma [1]. Consistent trends of summer monsoon are
also recorded in the depositional sequences of the South China Sea, as indicated by clay
minerals and terrigenous mass accumulation rate at Ocean Drilling Program (ODP) Site
1146, 1148 [35,36]. Although the strength and time of the East Asian summer monsoon has
varied over the long geologic time, it has commonly been accepted that the Pliocene era was
warmer and wetter than the Quaternary era [37–41]. Correspondingly, stronger chemical
weathering and pedogenesis in both the Chinese Loess Plateau and South China Sea
generally occurred in Pliocene sediments than in Quaternary sediments [41,42]. However,
the pedogenesis of sediments in the Yangtze Delta differed, and the Pliocene red clay
underwent a relatively low intensity of pedogenesis. The Yangtze Delta was probably at a
high altitude during the Pliocene, resulting in weak weathering of sediments, which further
limited the transformation from maghemite to haematite during pedogenesis.

5.3. Tectonic Subsidence of the Yangtze Delta during the Quaternary Period

The evolution of the sedimentary environment of the Yangtze Delta during the late
Cenozoic period goes together with continuous Neo-tectonic subsidence, and climate
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and sea level changes [43]. Detailed sedimentary research from hundreds of boreholes
revealed that either alluvial fan or lacustrine facies occurred in Pliocene stratigraphy in
some areas, and some boreholes even lack Pliocene deposition, indicating a great difference
in altitude in the region, and consequently, depositional and erosion areas coexisted in the
south plain of Yangtze delta during the Pliocene period (Figure 8). Picea and Abies pollen,
which are indicators of cold climate, remained at relatively stable proportions in Pliocene
stratigraphy, implying high-elevation landforms and a slightly dry climate in the lower
Yangtze regions [44]. In the early Pleistocene, the stratigraphic layers did not contain marine
biotic fossils, and the depositional environment was characterized by alluvial and fluvial
facies. The sediment consists mainly of coarse sand with gravel (angular and sub-angular)
and silty sand, gradually transitioning upwards to fine silt and silty clay, exhibiting poor
sorting. The C–M (Cailleux–Middleton) diagram indicates an overwhelming dominance
of the rolling component and sediment accumulates rapidly, reflecting strong tectonic
subsidence control in the depositional basin. In the middle Pleistocene, the sediment in the
stratigraphic sequence shifts from gravelly sand to upper clayey silty sand, with sporadic
occurrences of foraminifera and ostracods in marine facies. The C–M diagram reflects
sedimentation processes involving rolling, jumping, and suspension mixing, showing
improved sorting. The sediment transport distance between the source and sink increases,
reflecting a fluvial environment formed during the processes of peneplanation. From
the late Pleistocene to the Holocene, there was a significant increase in the thickness
of fine-grained strata, with improved sorting. The C–M diagram shows dominance of
jumping and suspension, with a gradual disappearance of the rolling component. The
sediment transport distance between the source and sink continued to increase. The strata
reveal abundant marine foraminifera and marine ostracods, indicating the development of
estuarine, shallow marine, and deltaic facies. This suggests frequent marine influence in
the deltaic region during this period, with the topography significantly lower than in the
earlier stages, approaching present-day elevation [43,44].

Figure 8. Sedimentary facies changes and the abundance of foraminifera (No./50 g) of sediment
cores in the Yangtze Delta.

Gradual tectonic subsidence also occurred in the nearby Zhe-Min uplift on the East
China Sea shelf during the Quaternary period [45,46]. With the subsidence of those regions,
the main river channel shifted gradually from north to south, thus inducing a southward
migration of depocenter beginning from the early Pleistocene (Figure 9). The mega-chrono-
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stratigraphic cycle of cores implies not only the local sedimentary evolution of the Yangtze
coast but also a hint of the channelization time of the Yangtze River.

Figure 9. (a) Geomorphology in the Eastern Coastal Area of China and a southward migration of
river channel (yellow arrow). (b) Neogene sedimentary thickness of the Yangtze Delta and Subei
basin, modified after [18]. (c) Quaternary sedimentary thickness of the Yangtze Delta and Subei basin,
modified after [18].

6. Conclusions

Magnetic properties combined with particle size, SEM observations, and EDS of the
Pliocene red clay in the Yangtze Delta were analysed to reveal the paleoclimate and pale-
oenvironment of the East China coast. Based on the results of this study, we can reach the
following conclusions: (1) the magnetic minerals of sediments are derived from the soil in
local catchments, and the magnetic properties are generally controlled by the paedogenic
intensity. (2) The Pliocene red clay generally has high S-ratios and low HIRM values,
suggesting low pedogenesis intensity in the Pliocene. (3) High altitude constrained the
chemical weathering and pedogenesis of Pliocene red clay and limited the transforma-
tion from paedogenic maghemite to haematite. Our results demonstrate a rapid tectonic
subsidence occurring on the eastern China coast during the Quaternary era.
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Abstract: High-resolution seismoacoustic data represent a useful tool for the investigations of gas-
charged sediments occurring beneath the seabed through the identification of the diagnostic in-
trasedimentary features associated with them. Acoustic blanking revealed shallow gas pockets in
the seismostratigraphic units of the inner shelf off the Northern Cilento promontory. Six main seis-
mostratigraphic units were recognized based on the geological interpretation of the seismic profiles.
Large shallow gas pockets, reaching a lateral extension of 1 km, are concentrated at the depocenter
of Late Pleistocene–Holocene marine sediments that are limited northwards by the Solofrone River
mouth and southwards by the Licosa Cape promontory. A morphobathymetric interpretation, re-
ported in a GIS environment, was constructed in order to show the main morphological lineaments
and to link them with the acoustic anomalies interpreted through the Sub-bottom chirp profiles. A
newly constructed workflow was assessed to perform data elaboration with Seismic Unix software
by comparing and improving the seismic data of the previously processed profiles that used Seisprho
software. The identification of these anomalies and the corresponding units from the offshore Cilento
promontory represent a useful basis for an assessment of marine geohazards and could help to plan
for the mitigation of geohazards in the Cilento region.

Keywords: high-resolution seismic profiles; shallow gas; seismic processing; acoustic anomalies;
Cilento promontory; Southern Tyrrhenian Sea

1. Introduction

Reflection seismics is an important tool for shallow-gas investigations as it provides
a rapid mean for detecting and mapping gas accumulations [1–4]. Over the last decades,
high-resolution seismic exploration data (sub-bottom and Sparker) have been very useful
for shallow-gas evaluations [5–7] (among others).

Shallow gas pockets are often limited upwards by a strong seismic reflector, totally
masking the underlying sediments, which look absolutely transparent. Acoustically trans-
parent zones that are well shown by high-resolution reflection profiles are often related to
gas-charged sediments [8,9]. Hovland and Judd [8] have described in detail the acoustic
anomalies related to gas occurrence. Various seismic signatures of gas within sediments
have been recognized, including acoustic blanking, bright spots, and enhanced reflections.
For the aims of our paper, the most significant acoustic anomaly is acoustic blanking. The
reflection or absorption of acoustic energy by gas prevents the recording of reflections from
lower sediment layers. Although acoustic blanking is widespread on several of the world’s
continental margins, it is not always found in close association with pockmarks [8].

The acoustic anomalies related to the occurrence of gas within the sedimentary record
have been studied in detail, both in the central Adriatic Sea [10] and in the central Mediter-
ranean Sea [11]. Geletti et al. [10] have highlighted gas seepages, fracture systems, and deep
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salt structures based on the interpretation of Sub-bottom chirp profiles. Spatola et al. [11]
have shown the acoustic anomalies related to gas occurrence in the Sicily Channel based on
the geological interpretation of Sub-bottom profiles, consisting of vertical blanketed areas
characterized by acoustically transparent seismic facies.

The acoustic anomalies associated with gas seepage have been observed both within
the sediments and at the seabed [12]. Cold seeps are a seafloor expression of the migration
of fluids through sediments from the subsurface to the sea bottom and into the water
column until they arrive in the atmosphere. They may be generated by microbial activ-
ity in the sediments or by thermal processes involving deeper layers. These geological
processes mainly ensue on portions of the seafloor, where the expulsion of free and hy-
drated gas, including methane and other hydrocarbons, occurs. These structures have been
recognized globally on active and passive continental margins. On the active continental
margins, they have been found in subduction zones and in deltaic environments, where
the rapid deposition of sediments and high subsidence have been found. Cold seeps are
widespread features of passive continental margins, including the northern US Atlantic
Margin. Methane seepage is expected to intensify at these relatively shallow seeps as
bottom waters warm and underlying methane hydrates dissociate.

Missiaen et al. [6] have shown seismic evidence of shallow gas. The most evident
acoustic anomaly observed on the seismic profiles is acoustic blanking, appearing as diffuse
and chaotic seismic facies masking all the other reflections. Acoustic blanking has been
observed in the upper sequence and occasionally reaching up to the seabed. Although the
acoustic turbidity reaches the surface locally, the sea-floor morphology does not reveal any
pockmark.

Andreassen et al. [7] have analyzed shallow gas and fluid migration on the Barents
Sea continental margin based on three-dimensional seismic data. The occurrence of gas
is inferred from bright spots, while the fluid migration is inferred from vertical zones of
acoustic masking and acoustic pipes. The most important indicator of fluid migration
is acoustic masking, represented by an area with low seismic reflectivity. It indicates a
scattering of the acoustic energy caused by interstitial gas bubbles in the sediments.

The occurrence of gas in Holocene sedimentary successions is of interest both because
of shallow-gas accumulations, which may reduce the shear strength of the sediments and
pose a hazard to hydrocarbon exploration and development, and because the occurrence of
shallow-gas accumulations, and the underlying indications of fluid flow may point towards
deeper prospective reservoirs [5,13].

Marine geohazards include fluid flows [13]. Fluid flow through marine sediment is an
ordinary process appearing when water from the underlying sediment is removed, when
the sediments have been buried and fossilized, biogeochemical processes, hydrothermal
activity, or the migration of deep-seated fluid from the acoustic basement. In most cases,
fluid accumulates under the sediment when there is rapid sedimentation. Secondary fluids
(water and gases) will be added by several geological processes, including the decay of
organic matter.

The aim of this paper is to show the occurrence of shallow gas pockets and acoustic
anomalies in the inner shelf of the Cilento offshore area based on the geological interpreta-
tion of Sub-bottom chirp profiles. A processing sequence has been constructed by reading
the seismic sections through Seismic Unix software [14]. Then, this sequence was applied
to the seismic record in order to highlight the acoustic anomalies, indicating the occurrence
of Quaternary marine deposits enriched by gas. These anomalies include acoustic blanking
and the occurrence of wide, acoustically transparent seismic units corresponding to seismic
units filled by gas. The location of the study area is shown in Figure 1.

New geologic, seismostratigraphic, and sedimentological data have been recently
shown, highlighting the depositional environments in the Cilento offshore are based on
marine geological data [15]. An onshore–offshore DEM off the Cilento promontory has
been constructed by superimposing the geological results of the marine geological survey at
the 1:25.000 scale. Moreover, the geological interpretation of Sub-bottom chirp profiles has
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shown the occurrence of shallow gas pockets. However, in a previous paper, the acoustic
anomalies related to the occurrence of gas have not yet been discussed in detail; this will be
the subject of this paper. Herein, we have improved the quality of previously processed
seismic profiles (Seisprho) [16] by assessing a new workflow for the seismic processing
of Sub-bottom data with the Seismic Unix software. This has allowed us to improve the
previously obtained results on seismic stratigraphy [15] and to focus on the identification
of acoustic anomalies related to gas occurrence by constructing new thematic maps in
a GIS environment showing the distribution of the shallow gas pockets in the Cilento
offshore area.

Figure 1. Sketch map showing the location of the seismic profiles analyzed in this paper. Based
on the location of the seismic profiles, three main areas have been distinguished, characterized by
distinctive acoustic anomalies that are genetically related to the occurrence of gas. The inset on the
upper left side shows the general location map of the study area. GIS base was modified after Aiello
and Caccavale [15].

Our study will allow us to solve the contrasting hypotheses on the occurrence of
shallow gas in the study area, which was not previously singled out based on the bathy-
metric and geomorphological data recently published on the Cilento offshore area [17].
Violante [17] has carried out a computer-aided geomorphologic seabed classification and
habitat mapping of the Punta Licosa Marine Protected Area. The Punta Licosa habitat map
shows several marine landforms, including spurs of coralligenous bioconstructions, wave-
cut terraces with a mixed organogenic cover, slopes with mixed organogenic sediments,
depositional terraces, rocks, deep terraces with bioclastic covers, ledges with corallige-
nous shelf muddy plains, and sandy fringes with bioclasts and offshore transitions [17].
The pockmarks or other seabed structures that are genetically related to gas occurrence
have not been highlighted. Since basic geophysical studies on gas and related seabed
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structures have suggested that pockmarks are not necessarily associated with the shallow
gas occurring in the subsurface [6,7] (among others), our study will integrate the existing
knowledge on shallow gas and the corresponding acoustic anomalies from the offshore
Cilento promontory.

2. Geologic Setting

The origin of the sedimentary basins and their subsidence along the Campania sector
of the eastern Tyrrhenian margin has been the subject of various studies based on geological
field observations and on seismic and well data in the subsurface on land and at sea [18–30].
In this geological context, an important lineament is represented by the 41st parallel line,
separating the Northern Tyrrhenian Sea from the Southern Tyrrhenian Sea [31–35].

Along the Campania margin, south of the Aurunci Mountains, the coastal basins are
represented by the Garigliano Plain, the Campania Plain, and the Sele Plain. In this sector
of the Tyrrhenian margin, the extensional phases were active along the NE-SW trending
normal faults, ranging in age from the Late Pliocene to the Quaternary [25,26,36–38]. A
chronostratigraphic calibration of the five seismic profiles has been carried out by using
data provided by some exploration wells located along the Latium-Campania margin
(Michela 1; Mara 1) [25,27].

The continental shelf between the Gulf of Gaeta and the Gulf of Policastro is the
seaward prolongation of the alluvial coastal plains (Campania Plain, Sarno Plain, and Sele
Plain), bounding the Tyrrhenian sector of the Apennines, which is controlled by high rates
of tectonic subsidence [37].

These coastal plains, whose continuity is interrupted by structural highs with a NE-
SW trend and by volcanic complexes (Phlegrean Fields and Somma Vesuvius), are limited
northeastwards by the inner reliefs of the Apennines. Their sedimentary fill consists
of marine and continental clastic deposits, alternating with abundant volcanic products.
The acoustic basement is represented by Meso-Cenozoic carbonates (“Campania-Lucania
carbonate platform”) [39–41] and by Cenozoic-deformed sequences and the related flysch
deposits (Cilento Flysch; Sicilide Units; Liguride Units: Figure 2) [42–45].

Figure 2. Geologic sketch map of the northern Cilento promontory. Note: the occurrence of main
geological units, including the undifferentiated Quaternary deposits, the Cilento Flysch deposits (S.
Mauro and Pollica Formations), the Liguride and Sicilide Units, the Trentinara Formation, and the
Mesozoic shallow-water limestones. GIS base was modified after Aiello and Caccavale [15].
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The Tyrrhenian offshore area between the Sorrento Peninsula and the Cilento promon-
tory, including the half-graben of the Salerno Valley [46,47], is characterized by a wide
continental shelf, extending up to 25 km westwards of the Cilento coast, with thin sedimen-
tary cover that becomes thick from a few tens of meters up to a few hundreds of meters.

Southwards of the Sorrento Peninsula, a narrow continental shelf occurs, which is
associated with steep slopes, bounding the structural depression of the Salerno Basin. The
individuation and the tectonic setting of the Salerno Basin have been mainly controlled by
the regional fault Capri-Sorrento Peninsula, with a WSW-ENE trend and an average throw
of 1500 m, bounding southwards to the structural high of the Sorrento Peninsula-Capri
Island. This fault is composed of several coalescent segments and controls high submarine
hazards in the Gulf of Naples [48].

A geological map of the northern Cilento promontory was constructed and imported
into a GIS environment (Figure 2).

In this map, several geological units were mapped, including the Quaternary un-
differentiated deposits, the S. Mauro and Pollica Formations, which are Langhian–Early
Tortonian in age, the Liguride and the Sicilide Units, which are Cretaceous–Early Miocene
in age, the Piaggine, Bifurto and Cerchiara Formations, which are Langhian–Aquitanian in
age, the Trentinara Formation (limestones and marls), which is Langhian–Aquitanian in
age, and the shallow water limestones, which are Late Cretaceous–Liassic in age (Figure 2).

3. Materials and Methods

A scientific theme was developed to carry out the acquisition, processing, and geologic
interpretation of a densely spaced grid of high-resolution seismic profiles (Sub-bottom
chirp) collected by the CNR-ISMAR onboard the R/V Urania (National Research Council
of Italy). The grid of the Sub-bottom chirp seismic sections is reported in Figure 1, which
has been constructed in a GIS environment. The chirp linear frequency modulated signals
of 2–7 kHz or 8–23 kHz and 4 kW provide high-resolution soundings, reaching up to a
10–30 cm resolution within the uppermost marine sediments, according to the resolution
values reported for chirp data by Gasperini and Stanghellini [16]. The obtained data,
recorded onboard with a SEG Y format, have been processed by using the software Seismic
Unix [14].

The CWP/SU: Seismic Unix is an open-source seismic utilities package that was
originally created by the Center for Wave Phenomena at the Colorado School of Mines [14].
This software has been used to convert the seismograms between the SU standard file and
the SEG Y files.

Simple processing has been applied to the seismic sections of the Cilento offshore area,
consisting of the application of a linear vertical gain along the seismic section, which has
allowed for a significant improvement in the quality of the seismic data. The file recorded
in the field by the oceanographic cruise was converted from the SEG Y format to the SU
format, used by the Seismic Unix software.

The workflow of the processing of the seismic sections consisted of the following steps:

(1) Conversion of the seismic traces from SEG Y to SU;
(2) Spectral analysis of the frequencies of the seismograms, in order to reconstruct the

distribution of the frequencies;
(3) Application of fast Fourier transform (FFT) for the visualization and the analysis of

the frequencies of the seismic signal. In particular, the Fourier transform converts
waveform data in the time domain into the frequency domain. The Fourier transform
breaks down the original time-based waveform into a series of sinusoidal terms, each
with a single magnitude, frequency, and phase. This process converts a waveform
in the time domain that is difficult to describe mathematically into a more manage-
able series of sinusoidal functions that, when added together, exactly reproduce the
original waveform;

(4) Application of a high-pass filter with a low-cut frequency at 150 Hz in order to
eliminate the seismic noise and the dark signal. A significant improvement in the
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visualization of the seismic reflector of the sea bottom was obtained by using the
frequency of 150 Hz;

(5) Application of a uniform gain on each seismic trace;
(6) Application of a time-variant gain (TVG) in order to improve both the seismic signal

of the deeper seismic reflectors and the whole visualization of all the seismic profiles;
(7) Output of the seismic profiles with Seismic Unix in order to obtain the final files,

which were plotted using a graphic interface.

The geological interpretation of the Sub-bottom chirp data was carried out based
on the seismostratigraphic criteria [49–51]. The basic principle of seismic stratigraphy is
that the seismic reflectors, determined by the contrasts of acoustic impedance, correspond
to the strata plans. Perhaps, the geometry of the seismic reflectors corresponds to the
depositional geometry. The contrasts of acoustic impedance, which are the product of
the seismic velocity for the density of the crossed grounds, control the location of the
seismic reflectors and are located along the strata surfaces or other discontinuities, having
a chronostratigraphic meaning. The strata surfaces represent the old depositional surfaces
and perhaps are coeval in the depositional area.

The discontinuities are old erosional or nondepositional surfaces, corresponding with
significant stratigraphic gaps. Even though they represent events that vary over geological
time, the discontinuities are chronostratigraphic surfaces because the layers overlying the
discontinuity are younger than the underlying layers [49–51].

4. Results

The study area represents a wide continental shelf, for which the outer margin is
located at a water depth of 250 m. While the continental shelf northwards of the Licosa
Cape has uniform gradients, the marine area surrounding the Licosa Cape represents an
E–W trending structural high, characterized by the remnants of the terraced surfaces, which
erode the rocky basement. A break in slope at water depths ranging from 60–80 m marks
the passage from the structural high of the Licosa Cape to the outer shelf through a steep
slope. Towards the Policastro Gulf, the continental slope is characterized by an articulated
morphology and high gradients at water depths ranging from 10–110 m [15] (Figure 3).

The relict morphologies that are NNW-SSE to E-W trending occur both northwest-
wards and southwestwards of the Licosa Cape and are genetically related to the Middle-Late
Pleistocene continental shelf [15] (Figure 3). The palimpsest deposits are of an emerged–
submerged beach form of elongated dunes, composed of well-sorted sands and gravels
that are often cemented, with abundant bioclastic fragments that are sometimes overlain by
thin drapes of bioclastic sands of the outer shelf. On the Sub-bottom chirp lines, the relict
sands appear as deaf units with slightly inclined clinoforms, with offsets truncated at the
sea bottom by polycyclic erosional surfaces [15].

The sedimentological analyses show the grain-size distribution of the sediments on
the seafloor, including sandy gravels, gravelly sands, sands, silty sands, muddy sands,
sandy silts, silts, and muds [15]. Ternary plots of the sea bottom samples were constructed
(shales-sands-silts and gravels-sands-silts) in order to improve the processing of the sed-
imentological data. Fine-grained sands are widespread along the coast in the northern
region and in the offshore area of the Licosa Cape. Coarse-grained sands are located in the
offshore area of the Licosa Cape.

A sketch of a morphobathymetric map and a geologic map was constructed in a GIS
environment, aimed at showing the main morphostructural features of the studied area
(Figure 3) [15]. The main geomorphological features are represented by channels, abrasion
terraces, an acoustic substratum, and sandy bodies. Important channels start from the 20 m
isobaths on the inner shelf from the Pagliarolo Cape towards the Licosa Cape, while other
channels start from the outcrops of the acoustic substratum surrounding the Licosa Cape
(Figure 3) [15]. A wide outcrop of the acoustic basement that is elongated in shape and
E–W trending is located offshore to the Licosa Cape promontory, reaching water depths
exceeding 100 m (Figure 3). Northeastwards of the main outcrop, two minor outcrops occur
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that are, respectively, NE-SW and NW-SE trending (Figure 3) [15]. Otherwise, southwards,
another outcrop has been detected (Figure 3). For a detailed description of the Quaternary
marine deposits, refer to the paper of Aiello and Caccavale [15].

 

Figure 3. Sketch of a morphobathymetric and geologic map of the analyzed area. The main geomor-
phological lineaments occurring in this area have been reported, coupled with Quaternary marine
deposits (modified after [15]).

Three areas were distinguished based on seismic interpretation in order to highlight
the different acoustic features recognized in the Cilento offshore area (Figures 1 and 3).

A sketch table has been constructed in order to improve the understanding of the
areas involved by gas and other corresponding acoustic features (Table 1).

Based on the identified features, the first area is located offshore from the Licosa Cape
promontory at water depths ranging between 30 and 90 m (Figure 1). It is composed
of seven seismic sections (B33_1, B33a_1, B35_1, B35a_1, B37_1, B38, and B39), whose
distinctive acoustic features are represented by acoustic blanking, controlled by the occur-
rence of gas. The wide occurrence of rocky acoustic basements composed of the ssi unit
corresponding with the seaward prolongation of the Cilento Flysch, widely cropping out in
the adjacent coastal sector, can be singled out. In fact, the seismic lines appear to be located
on the flank of a wide outcrop of the rocky acoustic basement, distinguishing the offshore
sector (Figure 3) [15].
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Table 1. Sketch table showing the areas of the acoustic features, the corresponding seismic sections
and the related shot points, and the acoustic features recognized based on seismic interpretation.

Seismic Sections Shot Points Acoustic Features

1 B33_1
400–550;
800–1100;
1450–1750

acoustic blanking

1 B33a_1 350–490 acoustic blanking

1 B35_1
1250–1400
1900–2100
2350–3100

acoustic blanking

1 B35a_1

0–380
750–900

1600–1850 2600–2800
3200–3400

acoustic blanking

1 B37_1
1000
2500

3500–4000
acoustic blanking

1 B38

700–800
1200–1500

2300–2500 3200–3600
4550–5100

acoustic blanking

1 B39

100–500
700–750

1100–1400 2400–2550
3100–3400
3900–4000
4400–4600
5000–5400

acoustic blanking

2 B43 2900–3200 shallow gas
pockets

2 B45 no feature

2 B46 no feature

2 B47 no feature

2 B48 no feature

2 B49 2000–2500 shallow gas
pockets

2 B51 0–0.1 (×104)
shallow gas

pockets

2 B52
0–0.18 (×104)

0.25–0.45 (×104)
0.7–0.85 (×104)

seismic units
impregnated of gas

2 B53 0.4–0.7 (×104)
0.75–1.1 (×104)

seismic units
impregnated gas

3 B61 0.3–0.45 (×104)
0.45–1.2 (×104)

seismic units
impregnated gas

3 B62a 1.15–1.2 (×104)
1.3–1.45 (×104)

shallow gas pockets

3 B63 0.1–0.48 (×104)
0.55–0.7 (×104)

seismic units
impregnated gas
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Table 1. Cont.

Seismic Sections Shot Points Acoustic Features

3 B64 0.2–0.5 (×104)
0.5–0.7 (×104)

shallow gas pockets
seismic units

impregnated gas

3 B65
180–400

500
600–800

shallow gas pockets

3 B65_1 0–0.8 (×104)
seismic units

impregnated gas

The second area is, instead, located in the northern Cilento promontory from the
seaward prolongation of the Paestum Plain, proceeding southwards up to the Tresino
Cape (Figure 1). It is composed of nine seismic sections (B43, B45, B46, B47, B48, B49, B51,
B52, and B53), whose distinctive acoustic features are represented by shallow gas pockets
(Table 1). The seismic sections have highlighted the occurrence of thick sedimentary cover,
organized in several seismostratigraphic units, mainly Holocene in age [15].

The third area is located on the northern Cilento promontory, starting from the offshore
prolongation of the Paestum Plain up to the Licosa Cape promontory, at water depths
ranging between 10 and 60 m (Figure 1). It is composed of six seismic sections (B61, B62a,
B63, B64, B65, and B65_1; Table 1), whose distinctive features are represented by shallow
gas pockets and by the seismic units impregnated by gas (“gassy sediments”).

A seismic analysis of the Sub-bottom chirp profiles has allowed us to study the
seismostratigraphic characteristics of the Cilento offshore area between the Solofrone River
mouth and the Licosa Cape. The main outcrops at the sea bottom of the rocky acoustic
basement have been bounded relative to the sedimentary covers, which are composed of
coarse-grained sands, grading towards middle-fine-grained sands and fine-grained sands.
The sandy facies are prevalent in the sector of the continental shelf located between the
Solofrone River mouth and Agropoli, where they form a wide system of coarse-grained
sandy belts with an N–S trend parallel to the isobaths and are located at water depths
ranging between 10 m and 17 m. In the same area, the rocky outcrops have a limited
extension and occur at water depths ranging between 15 m and 20 m.

The rocky acoustic basement (ssi) widely crops out next to the shoreline from Agropoli
to the Tresino Cape and from the Tresino Cape to the Pagliarolo Cape (Figure 3), where
it represents the seaward prolongation of the coastal cliffs incised in the deposits of the
Cilento Flysch [41,43,45].

The seismic lines B51, B52, and B53 have been taken as an example among the existing
seismic lines in order to highlight the occurrence of wide shallow gas pockets and to show
the significant improvement in the seismic lines obtained by introducing the Seismic Unix
processing with respect to the processing carried out with the Seisprho [15].

In the northern Cilento offshore area, between the Solofrone River mouth and the
Licosa Cape, the seismostratigraphic analysis showed that the recent sedimentary cover,
ranging in age between the Late Pleistocene and the Holocene, is organized into three main
seismostratigraphic units, overlying the undifferentiated acoustic basement (ssi).

The seismic interpretation (Figure 4) shows that the first unit (seismostratigraphic
unit 1) is characterized by acoustically transparent seismic facies and ranges in thickness
between 7 m and 10 m. Unit 1, probably composed of sands, unconformably overlies the
undifferentiated acoustic basement (ssi). Its top is strongly eroded, forming palaeochannels
in which the seismostratigraphic unit 2 was deposited.

The second unit (seismostratigraphic unit 2; Figure 4) is distinguished from alternating
acoustically transparent intervals and continuous intervals, probably corresponding with
alternating sands and shales, for a whole thickness of about 10 m. The unit forms the
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filling of the palaeochannels individuated at the top of unit 1 and the erosional depressions
located at the top of the ssi substratum.

The third unit (seismostratigraphic unit 3; Figure 4) is characterized by acoustic facies
with parallel and discontinuous reflectors of high amplitude, and represents the recent
filling, Holocene in age.

The seismostratigraphic setting of the first area, as shown in Table 1 and in Figure 4, is
exemplified by the seismic interpretation of the seismic sections shown in Figures 5–7.

 

Figure 4. Cont.
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Figure 4. (top) Sketch location map of the Sub-bottom chirp profiles; (middle) Sub-bottom chirp
profiles B51, B52, and B53 and (bottom) corresponding geologic interpretation. Note the occurrence
of the three main seismostratigraphic units (1, 2, 3) overlying the undifferentiated acoustic basement
(ssi; see the text for further description).

The seismic profile B33_1 crosses a wide outcrop of the acoustic basement (ssi unit),
which is genetically related to the Cilento Flysch (Figure 5). On the north-western side of the
seismic section, three wide areas of acoustic blanking have been identified, suggesting the
occurrence of gas impregnations (Figure 5). The seismic profile B33a_1 (area 1) has shown
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the wide outcrop of the acoustic basement (ssi unit), overlain by a recent sedimentary cover
(Figure 5). The interpretation of the seismic section has suggested the occurrence of a wide
area of acoustic blanking between the shot points 350 and 480, highlighting the occurrence
of gas impregnations (Figure 5).

The seismic profiles B35_1 and B35a_1 show a similar stratigraphic setting, with wide
outcrops for the acoustic basement (ssi unit), overlain by the recent sedimentary cover
(Figure 6). The interpretation of the seismic sections has shown the occurrence of several
areas of acoustic blanking (Table 1) with gas impregnations.

 

 

Figure 5. Cont.
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Figure 5. (top) Sketch location map of the Sub-bottom chirp profiles of area 1; (middle) Sub-bottom
chirp profiles B33_1 and B33a_1 and corresponding geologic interpretation (bottom).

The seismic profiles B37_1, B38, and B39 show wide areas of acoustic basement
(ssi unit) overlain by a thin recent sedimentary cover. All three seismic sections have
highlighted the occurrence of shallow gas pockets, as shown by the seismic interpretation
(Figure 7).

The seismic profiles B43 and B45 (area 2: Figure 8-top) show a stratigraphic set-
ting characterized by three main seismostratigraphic units, corresponding with Holocene
marine deposits, Holocene coastal and marine sands, and coastal sands, which are Late
Holocene in age (Figure 8-middle). On the seismic profile B43, a wide shallow gas pocket
was identified (Figure 8-middle).

The seismic profile B46 shows three main seismostratigraphic units, respectively,
corresponding to the Holocene marine deposits, with coastal and marine sands that are
Holocene in age, and coastal sands, which are Late Holocene in age (Figure 9). The coastal
and marine sands are interpreted as a wide seismic unit of gassy sediments due to their
seismic facies. The interpretation of the seismic profile B47 shows the occurrence of four
main seismostratigraphic units, respectively corresponding with the ssi unit, interpreted
as the Meso-Cenozoic acoustic basement that is genetically related to the Cilento Flysch,
with the marine deposits (Holocene in age), and with the coastal sands. The coastal sands
represent the filling of a wide palaeodepression since they thicken toward the center of the
depression and thin toward both the sides (Figure 9).

The seismic profiles B48 and B49 (Figure 10) show the occurrence of five main seis-
mostratigraphic units, respectively, represented by the ssi unit (Meso–Cenozoic acoustic
basement, genetically related with the Cilento Flysch), marine deposits, the coastal and
marine sands (both Holocene in age), a seismic sequence filling the palaeochannels, and by
the coastal sands (Late Holocene in age) (Figure 10).
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Figure 6. (top) Sketch location map of the Sub-bottom chirp profiles of area 1; (middle) Sub-bottom
chirp profiles B35_1 and B35a_1 and the corresponding geologic interpretation (bottom).
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Figure 7. Cont.
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Figure 7. (top) Detailed location map; (middle) Sub-bottom chirp profiles B37_1, B38, and B39 and
the corresponding geologic interpretation (bottom).

The seismic profiles B61 and B62_a show the occurrence of five main seismostrati-
graphic units (Figure 11). The ssi unit constitutes a small morphostructural high occurring
in the central part of the seismic section from the shot point 1.2 to 1.8. Proceeding on-
shore, this seismic unit prolongates on the side of the morphostructural high, below the
seismo-stratigraphic unit of the coastal and marine sands, representing gassy sediments
below the coastal sands (Late Holocene in age). On the seismic profile B62_a, the same
unit composes a small outcrop. The coastal and marine sands (Holocene in age) represent
a wide, acoustically transparent seismic unit, interpreted as gassy sediments (Figure 11).
Moreover, the coralligenous deposits are interpreted as facies hetheropy with coastal sands
(Holocene in age) (Figure 11).

The seismic profiles B63 and B64 show the wide seismostratigraphic units of coastal
sands, interpreted as gassy sediments, seismostratigraphic units for channel filling, and
seismostratigraphic units for coralligenous deposits in facies hetheropy with coastal sands
(Figure 12).

The seismic profiles B65 and B65_1 show the seismostratigraphic units of coastal and
marine sands (Holocene in age) overlain by coastal sands (Late Holocene in age) (Figure 13).
Two wide areas of acoustic blanking were detected at the shot points between 200 and 800
(Table 1). Moreover, the seismic profile B65_1 shows wide outcrops of acoustic basement
(ssi unit). The seismostratigraphic units of channel filling are characterized by disrupted
seismic reflectors controlled by the occurrence of gas (Figure 13).
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Figure 8. Cont.
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Figure 8. (top) Sketch location map of the Sub-bottom chirp profiles of area 2; (middle) Sub-bottom
chirp profiles B43 and B45 and the corresponding geologic interpretation (bottom).

74



J. Mar. Sci. Eng. 2022, 10, 1992

 

Figure 9. Cont.
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Figure 9. (top) Detailed location map; (middle) Sub-bottom chirp profiles B46 and B47 and the
corresponding geologic interpretation (bottom).
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Figure 10. Cont.
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Figure 10. (top) Detailed location map; (middle) Sub-bottom chirp profiles B48 and B49 and the
corresponding geologic interpretation (bottom).
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Figure 11. Cont.
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Figure 11. (top) Sketch location map of the Sub-bottom chirp profiles of area 3; (middle) Sub-bottom
chirp profiles B61 and B62_a and the corresponding geologic interpretation (bottom).
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Figure 12. Cont.
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Figure 12. (top) Detailed location map; (middle) Sub-bottom chirp profiles B63 and B64 and the
corresponding geologic interpretation (bottom).
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Figure 13. Cont.
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Figure 13. (top) Detailed location map; (middle) Sub-bottom chirp profiles B65 and B65_1 and the
corresponding geologic interpretation (bottom).

5. Discussion

The interpretation of the seismoacoustic data has shown that significant gas impregna-
tion affects the Holocene marine deposits, whose stratigraphic architecture is characterized
by four or more main seismostratigraphic units overlying the ssi unit, which represents
the acoustic basement (Figures 4–13). The number of seismostratigraphic units varies in
the three areas distinguished in this paper (Table 1), namely area 1 (Figures 5–7), area 2
(Figures 8–10), and the area 3 (Figures 11–13).

Seismostratigraphic unit 1 is probably composed of sands and overlies the rocky
acoustic basement through erosional unconformity. Significant variations in thickness
have been observed in correspondence with this unit. These variations could have been
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controlled by the occurrence of a rough palaeomorphology, in which unit 1 was deposited.
Moreover, strong erosional processes were probably active after the deposition of unit 1, as
suggested by the erosional unconformity located at its top, triggering the individuation
of the palaeochannels, in which seismostratigraphic 2 was deposited (Figure 4). These
filled palaeochannels were observed (Figure 4), from which seismostratigraphic unit 2 is
characterized by bidirectional onlaps. The thickness of this unit seems to be quite constant
and is in the order of tens of meters. Unit 2 is characterized by acoustically transparent
intervals alternating with parallel and continuous seismic reflectors and deposits in the
palaeochannels (Figure 4). Seismostratigraphic unit 3 is distinguished by parallel and
discontinuous seismic reflectors, interpreted as the first phase of the Holocene basin filling.
Seismostratigraphic unit 4 is characterized by a seismic facies with parallel and continuous–
discontinuous seismic reflectors, interpreted as the second phase of the Holocene basin
filling (Figure 4).

The seismostratigraphic units of area 1 were recognized based on the geological
interpretation of the corresponding seismic sections (Figures 5–7). The two main seis-
mostratigraphic units were distinguished, including the ssi unit, which represents the
rocky acoustic substratum that is genetically related to the Cilento Flysch, overlain by the
recent sedimentary cover. Based on this stratigraphic architecture, it may be suggested
that this area represents a structural high whose stratigraphic setting was controlled by the
occurrence of the Cilento structural high onshore.

The seismostratigraphic units of area 2 are shown by the corresponding seismic
sections (Figures 8–10). Five seismostratigraphic units were distinguished, including the
ssi unit, representing the rocky acoustic substratum that is genetically related to the Cilento
Flysch, the marine deposits (Holocene in age), the coastal and marine sands (Holocene
in age), the seismic sequence filling the palaeochannels, which is correlated with seismo-
stratigraphic unit 2 (previously described), and coastal sands (Holocene in age). Based on
this stratigraphic setting, it may be supposed that this area represents a shallow coastal
environment, hosting coastal and marine sandy sedimentation spanning the Holocene and
Late Holocene. The seismic unit composed of coastal and marine sands, Holocenic in age,
is interpreted as gassy sediments.

The seismostratigraphic units of area 3 were interpreted based on the corresponding
seismic profiles (Figures 11–13). The six main seismostratigraphic units were distinguished
based on seismic interpretation. They include the five seismostratigraphic units of the
area 2, while the sixth seismic unit is represented by coralligenous deposits (Holocene in
age). Based on this seismostratigraphic setting, this area can be interpreted as a coastal and
marine area in which the coralligenous deposits locally grew.

The observed stratigraphic architecture suggests that the inner Cilento continental shelf
from the Solofrone River mouth to Agropoli represents a depocenter of marine deposits,
showing mainly as sandy grain in size. From Agropoli to the Licosa Cape, the continental
shelf clearly represents a structural high. Both from a physiographic and depositional
point of view, it is included in the domain of the Licosa Cape morphostructural high.
This is highlighted by the wide outcrops of rocky acoustic basement at the sea bottom
from Agropoli to the Tresino Cape and from the Tresino Cape to the Pagliarolo Cape.
The occurrence of the rocky outcrops has favored the growth of coralligenous deposits,
appearing as tabular seismic units cropping out at the sea bottom and overlying the rocky
acoustic basement.

The seismic interpretation shows a significant improvement over the seismic data,
as processed with the Seismic Unix software, with respect to the same seismic dataset
previously processed with the Seisprho software [15]. In fact, the seismic lines processed
with Seismic Unix have allowed for the identification of new seismostratigraphic units,
including the “gassy sediments” and the coralligenous deposits, among others. These units
were not previously distinguished within the seismic data processed using the Seisprho
software [15] due to the lower resolution of the seismic data.
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The gassy sediments were interpreted as occurring in a wide, acoustically transparent
seismic unit (Figures 4–13), represented by coastal and marine sands that are Holocene in
age. The characteristics of the gassy sediments have been deeply studied in several areas of
the world [11,52–55]. Yuan et al. [52] studied the acoustic and physical characteristics of the
gassy sediments in the western Irish Sea based on seismic interpretations of Sub-bottom and
Uniboom seismic profiles. Broad areas of acoustic blanking have been highlighted, which
were probably controlled by a high content of gas in the fine-grained Holocene sediments.
This kind of situation can be compared with the gas-charged sediments occurring in the
northern Cilento promontory. These gassy sediments have been basically highlighted in
two large areas, with a few smaller pockets in between. Similar to our seismic sections
and located in three areas distributed between the northern Cilento Promontory and the
Licosa Cape, one of the most predominant acoustic features is represented by acoustic
blanking. Seismic and well log evidence have suggested that the gas in the western Irish Sea
is probably biogenic in origin and has accumulated in situ in the fine-grained sediments.

Coralligenous deposits were observed in several of the seismic sections in the third
area (Figures 11 and 12), outcropping at the sea bottom as localized seismic units and
in facies hetheropy with the recent coastal deposits. These kinds of deposits have been
recently singled out offshore to the Licosa Cape promontory based on habitat mapping and
multibeam bathymetric analysis [17]. It can be suggested that the seismic units observed in
Sub-bottom chirp profiles correspond to several coalescent coralligenous bioconstructions
(Figures 11 and 12).

In the Cilento offshore area, several acoustic anomalies were identified based on the
seismic interpretations. The acoustic features are mainly represented by acoustic blanking,
which was mainly detected in the first area, located offshore to the Licosa Cape promontory
at water depths ranging between 30 and 90 m (Figure 1), by the shallow gas pockets,
which were mainly observed in the second and in the third areas, and by the seismic units
impregnated with gas, namely the “gassy” sediments, which were observed both in the
second and in the third areas (Table 1). The second and the third areas are located in
the northern Cilento promontory from the seaward prolongation of the Paestum Plain,
proceeding southwards up to the Tresino Cape, and the third area is located on the northern
Cilento promontory, starting from the offshore prolongation of the Paestum Plain up to the
Licosa Cape promontory, at water depths ranging between 10 and 60 m (Figure 1).

A sketch map was constructed in order to show the distribution of the acoustic
anomalies based on the seismic interpretations (Figure 14). This map was constructed
in a GIS environment, mapping the shot points where the main acoustic anomalies were
detected based on the seismic interpretations (acoustic blanking, shallow gas pockets,
and gassy sediments, see also Table 1). Based on this map, significant acoustic anomalies
occur in the depocenter located from the offshore of the Paestum Plain to the Tresino Cape
(northern Cilento offshore) and on the outer shelf offshore area to the Licosa Cape. Scattered
anomalies occur on the inner shelf offshore to the S. Maria di Castellabate Plain (Figure 14).

The origin of gas in the Cilento offshore area also needs to be discussed. Gas in shallow
marine sediments has two main potential sources, including the biogenic gas produced
by the bacterial degradation of organic matter at low temperatures and the thermogenic
gas produced by the high-temperature degradation and cracking of organic compounds at
considerable burial depths [6]. The geology of the study area does not suggest any possible
deep thermogenic sources, and it can be hypothesized that the gas has accumulated in situ
in the shallow organic-rich sediments. Further core and well log data are required to test
this hypothesis since only one core is available from the literature in the study area (Licosa
core) [15], but this core has mainly shown relict and palimpsest deposits and organogenic
deposits [15]. It is possible that shallow marine and coastal deposits hosted a layer that was
rich in organic matter, favoring the development of biogenic gas. In addition, the abundant
presence of fine-grained muddy sediments and the high sedimentation rates (resulting in
fast burial of the organic matter) also formed an ideal basis for the generation of biogenic
gas, but further studies are necessary.
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Figure 14. Sketch map showing the distribution of the acoustic anomalies (yellow stars) in the study
area based on seismic interpretation.

Literature studies have shown several cases in which the pockmarks are not necessarily
associated with the occurrence of shallow gas in the subsurface, as shown by the significant
acoustic anomalies identified in the seismic profiles. Missiaen et al. [6] have highlighted
that although acoustic blanking locally reaches the surface for the seismic profiles, the
seabed morphology does not reveal any clear gas-related features. Hovland and Curzi [9]
have shown that acoustic blanking, assumed to represent gas-charged sediments, is not
associated with pockmarks but with a locally elevated seabed (mounds or ridges), as
controlled by mud diapirism. Hovland and Judd [8] have stated that although acoustic
blanking is widespread in the North Sea, including the pockmark areas, it is not ubiquitous,
neither is it always found in close association with pockmarks. In the present work,
the whitened band on the seismic profiles does not arrive at the seafloor; it arrives at
the seabed only locally. This should mean that the gas does not escape into the water
column that generates the pockmarks; these features are not present in the high-resolution
bathymetry [17]. In that case, the pockmarks are not associated with the occurrence of gas
in the Cilento offshore area, but buried gassy sediments have been detected. A number of
studies on the subject under consideration using modern software exist. Among them, a
significant study has been recently carried out by Bosikov and Klyuev [56], highlighting
that the use of modern computer-aided methods, in particular the use of the Micromine
software, is an important part of the integrated research for the determination of deposit
prospects for various ores. This study has analyzed the prospects and estimation of reserves
for open-pit and underground mining in the Berezkinskoye ore field, demonstrating the
high potentiality of modern software, as it was in this paper.

The occurrence of gas in the Campania offshore area is not novel. Important structures
linked to gas occurrence have been previously described in the Campania region, in
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particular, the offshore of the Volturno River mouth. Distinct sites of vertically focused
flows, marked by columnar zones of amplitude that mask and disrupt reflectors, reached the
seabed at the outer shelf and corresponded with the alignment of elongated pockmarks [57].
In that case, acoustic anomalies are associated with pockmarks.

6. Conclusions

High-resolution seismoacoustic data provide an appropriate technique for studying
gas-charged sediments through the recognition of the diagnostic intrasedimentary features
associated with the occurrence of gas in marine deposits.

The acoustic anomalies of the Cilento offshore area were studied based on the geolog-
ical interpretation of Sub-bottom chirp profiles. Acoustic blanking, shallow gas pockets,
and gassy sediments, occurring as wide, acoustically transparent seismic units, were iden-
tified in the study area. The occurrence of these features, however, suggests that the
northern Cilento promontory represents an interesting area whose features need to be
studied in more detail in subsequent research in order to relate these relationships with
marine geohazards.

A processing sequence was constructed by using the Seismic Unix software and
was applied to the seismic record in order to highlight acoustic anomalies, indicating
the occurrence of Quaternary marine deposits that are impregnated with gas. A new
processing sequence for high-resolution seismic data was applied to Sub-bottom seismic
profiles located in the northern Cilento offshore area by using Seismic Unix software [14].
The workflow allowed us to plot the Sub-bottom profiles using Seismic Unix, therefore
obtaining high-resolution seismic sections. This processing sequence has allowed for
a significant improvement in the seismic profiles with respect to the previous versions
obtained through Seisprho (Figure 4) [15].

A sketch morphobathymetric map was constructed through GIS (Geographic Infor-
mation System) in order to show the morphostructural features of the study area. These
features consist of the outcrops of the rocky acoustic basement (ssi unit), sandy ridges–
representing relict and palimpsest deposits occurring both northwestwards and southwest-
wards of the Licosa Cape promontory–channels, and abrasion terraces. This map has been
integrated into another map and constructed in the GIS environment, reporting the location
of the main acoustic anomalies of the Cilento offshore area based on seismic interpretation.

In the Cilento offshore area, three areas were distinguished, typified by different
acoustic features (Figure 1; Table 1). In the first area, located offshore from the Licosa
Cape at between 30 and 90 m of water depth, the distinctive acoustic feature is represented
by acoustic blanking controlled by the occurrence of gas [6,7]. The second area is in the
northern Cilento promontory, from the seaward prolongation of the Paestum Plain to
the Tresino Cape, and the distinctive acoustic features are represented by shallow gas
pockets. The third area is located on the northern Cilento promontory, from the offshore
prolongation of the Paestum Plain up to the Licosa Cape at water depths ranging between
10 and 60 m; the distinctive acoustic features are represented by shallow gas pockets and
by the seismic units impregnated by gas (“gassy sediments”).

The seismostratigraphic setting of the Cilento offshore area was reconstructed based
on the geological interpretation of Sub-bottom chirp profiles, highlighting the different
seismostratigraphic units of the three areas. While the first area represents a structural
high, the second and the third areas represent shallow coastal and marine environments,
where coralligenous deposits locally grew. In this geologic setting, and taking into account
similar case histories, we may suppose that the gas is biogenic in origin, but further studies
are necessary.
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Abstract: With the development of social economy and human activities, the geomorphology and
hydrodynamic conditions of coasts have been dramatically changed, causing serious environmental
pollution and resource depletion. Taking Quanzhou Bay as an example, this study combined geomor-
phologic change with a hydrodynamic model to simulate the change in tidal currents in different
periods. The results show a change in the coastline was the main cause of hydrodynamic change
during the industrialization reform. During the past 70 years, the tidal prism decreased year by year,
and the average velocity of the tidal current in the channel decreased by 33.7% and 30.8% at flood
and ebb tide, respectively. In the early stages of industrialization, reclamation land was used in a
single way. The tidal prism decreased by 22.2% and 29.8% in the spring and neap tide, respectively.
In the middle and later stages, the tidal current velocity increased, and reclamation land was used
in a variety of ways. In modern society, the reclamation land-use type was unitary. Based on this
research, we show the influence of human activities on the evolution of the bay’s geomorphology
and provide suggestions for the management of the bay.

Keywords: human activities; geomorphology; coupling relationship; hydrodynamics; bays urbanization

1. Introduction

As a link between the sea and the land with abundant natural resources, the advanta-
geous geographical position makes a bay play an important role in the national economic
development and international cultural exchange [1]. With the increase in human activities
in the past century, the main factors controlling the environmental changes in the bay
have gradually changed from natural factors to human factors [2]. As the earth entered
the Anthropocene, the geomorphologic evolution process of the bay has also undergone
changes different from the natural conditions. Therefore, the study of the impact of human
activities on geomorphologic evolution is beneficial to the sustainable development of the
marine environment in the urban bay [3].

With the development of the economy, urbanization in the bay has changed the
topography and hydrodynamic environment [4]. Continual human activities lead to the
gradual seaward advance of the bay coastline, with decreasing bay area [5]. Previous
research showed that the area of bays around the East China Sea has shrunk by 11.23% over
the past 20 years [6]. Similarly, between 1987 and 2017, the areas of San Francisco Bay, the
New York Bay, the Tokyo Bay, and the Guangdong–Hong Kong–Macao Bay were reduced to
varying degrees [7]. These human activities (such as reclamation, channel dredging, coastal
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aquaculture, etc.) not only changed the topography, but also affected the evolution of the
hydrodynamic environment in the bay [8]. According to the present study of semi-enclosed
bays, reclamation weakens the hydrodynamic forces and results in prolonged stays of the
water at the same location [9,10]. Coastal aquaculture and port engineering have changed
the local tidal flow and water structure in the bay and estuary areas [11]. This has led to
increased levels of pollutants in the bay, which destroyed natural wetlands, leading to
ecological deterioration around the bay [12]. Coastal aquaculture and port engineering
have changed the tidal currents and water structure [11]. This has led to increased levels of
pollutants in the bay, leading to ecological deterioration around the bay [12].

The hydrodynamic conditions at the estuary of the bay are closely related to the
sedimentary environment of the bay, which would change the transport mode of the
terrestrial materials and influence the evolution of the topography in the bay [13]. In a
tidal-controlled bay with large terrestrial material flux, the sediment moves back and forth
with the flood and ebb tide, and fine-grained sediments are prone to resuspension and
then flocculation and deposition [14]. The reduction of most of the tidal prisms in the bay
alters the hydrodynamic conditions of the bay, which, in turn, causes the movement of
suspended particles in the water [10]. In the future, the transformation of the surrounding
environment of the bay will be increasingly complex, and the contradiction between
economic development and environmental evolution will be further highlighted [15].
Therefore, it is necessary to study the relationship between social development and the
evolution of a bay’s geomorphology.

At present, research regarding hydrodynamics mainly focuses on the hydrodynamic
changes over short time scales and the hydrodynamic prediction after construction [7,10,11].
However, there is still a lack of research on the hydrodynamic change over the long time
scale and the mechanism of sedimentary dynamics in the process of geomorphology evo-
lution in a bay. In the past 70 years, Quanzhou has undergone the whole process of
industrialization, with many periods of reclamation, resulting in significant changes in the
topography of the bay [16]. There is a certain coupling relationship between the changes in
the geomorphology and hydrodynamics and the development of urbanization in a bay, and
this coupling relationship is obviously manifested in Quanzhou Bay, showing stage-specific
development of urban bays. Therefore, Quanzhou Bay is a natural laboratory to investi-
gate the hydrodynamic change process of a bay under the influence of human activities,
and can be used as a typical area to study the relationship between the industrialization
development and hydrodynamic evolution of a bay.

In this study, the coupling relationship between the geomorphologic environment
of an urban bay and the hydrodynamics under the influence of human activities were
analyzed by hydrodynamic model simulation. The influence of the construction of the
reclamation expansion of the urban bay on the hydrodynamic and sedimentary dynamics
of the bay was explored.

2. Materials and Methods

2.1. Basic Data
2.1.1. Water Depth and Topographic Data

In this study, six large-scale marine maps (1954–2017) of Quanzhou Bay were selected
as the data source of the bathymetry and coastline (Figure 1, Table 1); the lowest theoretical
datum was used for bathymetric data [17]. All marine map data were converted to the
WGS84 coordinate system and Mercator projection (Figure 2, Table 1). Due to the dredging
in Quanzhou Bay, there were some differences between the actual channel topography
and the topographic data of the marine map. The accuracy and integrality of the bay’s
geomorphological data can be ensured by adding the actual channel data. The survey
time of the channel maintenance bathymetric data was 2013, 2015, and 2017, and the main
survey areas were Houzhu, Dazhui, and Neigang channels (Table 2). The survey depth
datum adopted the local theoretical lowest tide level (Huanghai Vertical Datum 1956).
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Figure 1. Overview of the study area. (a) The location of the study area. (b) The basic scenario of
the study area, including cities, islands, channels, rivers, and reclamation areas at different stages.
(c) Tidal currents during the Quanzhou Bay tidal cycle [18].

Table 1. Status of the historical marine map data.

Marine Map Name
Marine Map

Number
Scale

Coordinate
System

Time of
Publication

Nanri Island to
Quanzhou Bay 10–56 1:100,000 - April 1973

Quanzhou Bay 5616 1:50,000 Beijing54 September 1975
Quanzhou Bay 14,181 1:35,000 Beijing54 April 2000
Quanzhou Bay 14,181 1:35,000 Beijing54 April 2003
Quanzhou Bay 14,181 1:35,000 WGS84 May 2008
Quanzhou Bay 14,181 1:35,000 CGCS2000 July 2019

The data comes from previous studies [16].

Table 2. Channel maintenance time and area information.

Measure
Time

Measuring Area

Neigang Channel Dazhui Channel Houzhu Channel

2013

Up to the junction of Neigang channel
and Houzhu channel, down to the

downstream of Quanzhou Bridge. The
measuring area is about 4.2 km2.

Outside to the southern part of the Dazhui island,
inside to the junction of the Shihu channel and the

Dazhui island channel. The measuring area is
about 3.59 km2.

From the Dazhui
island to the Houzhu

Port.

2015
Up to the Quanzhou Bridge and down
to the junction of Neigang channel and

Houzhu channel.

From the anchorage outside Quanzhou Bay, follow
the Dazhui island channel to the ports of Shihu
and Xiutu. The measuring length was 11.04 km.

It is about 8.8 km
from Shihu to

Houzhu.

2017 /
From the anchorage outside Quanzhou Bay, follow

the Dazhui island channel to the ports of Shihu
and Xiutu. The measuring length was 11.04 km.

It is about 8.8 km
from Shihu to

Houzhu.
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Figure 2. Mesh generation of the model. (a) Grid division of study area; (b) Bathymetric topography
of the study area in 1954.

The shoals of Quanzhou Bay are mainly distributed from Xiutu to the west of Shihu,
outside the Jinjiang River estuary, and on both sides of Luoyang River estuary. The tidal
area is big, and the tidal channel is tortuous. The beaches are mainly distributed along the
coasts on both sides of the bay mouth east of the Xiutu–Shihu line, with a gradient of 3◦–5◦.
The main sandbanks are located on the west side of Dashui Island and outside the Jinjiang
estuary. The underwater deep troughs are mainly distributed in the water channel from
Dazhui Island to the Xiutu section [18].

In ArcGIS (Geographic Information System Information editing software developed by
the Environmental System Research Institute) software, the marine map data and channel
data were unified into Mercator Center projection coordinates, and the datum level was
unified to the global sea level (Figure 2).

2.1.2. Hydrological Data

In order to ensure the accuracy of the model simulation, the engineering data were
taken as the reference for the calibration of the model. The tidal level data were ob-
tained from Chongwu and Jinyu tide stations in the Quanzhou Bay from 10:00 a.m. on
20 January 2016 to 12:00 a.m. on 9 February 2016. Tidal current velocity and flow direction
data collected from five hydrological and sediment stations in the inner bay, which were
observed from 10:00 a.m. on 26 January 2016 to 12:00 a.m. on 27 January 2016 (Spring
tide) and from 10:00 a.m. on 3 February 2016 to 12:00 a.m. on 4 February 2016 (Neap tide).
The interval of the data acquisition was 1 h. The geographical coordinates and location
distribution of the tide station and hydrologic and sediment station are shown in Figure 3.

The measured tidal current data were collected by Acoustic Doppler Current Profiler
(ADCP), which need to be converted into vertical mean velocity by weighted average
processing. The data processing method is as follows [19]:

v = 0.1v1 + 0.2v2 + 0.2v3 + 0.2v4 + 0.2v5 + 0.1v6 (1)

where v is the average velocity of vertical line (m/s) and vi is the velocity of the different
horizon stations (m/s).

2.2. Hydrodynamic Model of Quanzhou Bay
2.2.1. Model Meshing and Parameter Setting

Because the coastline of Quanzhou Bay was complex and changeable, the 1959 coast-
line was used as the base boundary to divide the grids in order to ensure the consistency
of the grids in the calculation. The areas of the Houzhu, Neigang, and Dazhui channels
was grid-encrypted (Figure 2). The coordinate system of the model adopted the Central
Mercator projection. The extracted bathymetric data were interpolated into the grid in
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Surface Water Modeling System (SMS), while uniformly converted into MIKE’s software
grid file (Figure 2).

Figure 3. Calibration of the model. (a) Location of the tide stations and hydrological stations.
(b) Comparison of the observed and model-simulated tide levels. (c) Comparison of the observed
and model-simulated tidal current. (d) Comparison of the observed and model-simulated tidal
current directions.

The model was simulated in a “Cold start” mode [20], with the initial water level
and velocity set to 0. In this model, the Courant Friedrichs Lewy (CFL) number of the
shallow water equation was set to 0.8, the main time step was 60 s, and the minimum time
interval was 0.01 s. Flooding depth was set to 0.05 m, wetting depth was set to 0.1 m, and
drying depth boundary was set to 0.005 m. The horizontal eddy viscosity coefficient was
set to 0.28.

2.2.2. Water Exchange Capacity of the Bay

The tidal prism of the bay represents the total volume of the bay that can hold the
tidal water, and can reflect the self-purification capacity of a bay [9]. The tidal prism is
calculated by integrating the cross-sectional area and the product of the mean velocity of
the cross-sectional area [21].

Q =
∫ tc+

T
2

0
viSdt (2)

where Q is tidal prism, vi is cross-sectional average velocity (m/s), and S is the cross-
sectional area (m2).

96



J. Mar. Sci. Eng. 2022, 10, 1677

2.3. Changes in Land-Use Structure

The landscape index comparison method was adopted to analyze the change in
land-use structure [22]. Landscape indices (information entropy of land use structure)
refers to the diversity of landscape elements or ecosystems regarding their structure,
function, and change with time, which reflects the richness and complexity of green space
landscape types.

H = −∑n
i=1(Pi × lnPi) (3)

where H is the landscape index, P is the proportion of landscape type i to the total land
area, and n is the number of landscape types. In theory, when the landscape index is 0, the
landscape is composed of a single element and the landscape is homogeneous; when the
landscape index is the highest, the landscape is composed of more than two elements, and
the proportion of each landscape type is equal. When the landscape index decreases, the
difference in the proportion of each landscape type to the total land area increases.

3. Results

A large number of human activities have changed the coastline and underwater topogra-
phy of Quanzhou Bay, which significantly affected the sedimentary dynamic environment.

3.1. Validation of Model Accuracy

The error was calculated (Table 3) according to the JTS-T231-2021 code for the simula-
tion experiment of water transport engineering [23]. The model experimental deviation of
tide level, velocity, and direction must meet the following requirements:

Table 3. Model error calculation.

Calculation of Tidal Level Error

Time
Chongwu

Tide Station
Jinyu Tide

Station
Time

Chongwu Tide
Station

Jinyu Tide
Station

2016/1/26 13:00 0.08 0.29 2016/2/3 13:00 0.01 0.08
2016/1/26 19:00 0.09 0.02 2016/2/3 19:00 0.01 0.11
2016/1/27 1:00 0.09 0.17 2016/2/4 2:00 0.01 0.09
2016/1/27 8:00 0.18 0.11 2016/2/4 8:00 0 0.05

Calculation of Tidal Current Error

Time 1# 2# 3# 4# 5#

Spring tide
Mean tidal

current
velocity

Flood 0.09 0.01 0.02 0.17 0.16
Ebb 0.09 0.10 0.03 0.04 0.01

Flood 0.06 0.01 0.08 0.05 0.19
Ebb 0.19 0.22 0.03 0.08 0.12

Flood 0.00 0.01 0.03 0.12 0.14
Ebb 0.13 0.08 0.03 0.09 0.00

Flood 0.03 0.04 0.01 0.11 0.23
Ebb 0.17 0.18 0.07 0.10 0.10

Flood 0.02 0.03 0.03 0.27 0.16

Calculation of Tidal Current Direction Error

Time 1# 2# 3# 4# 5#

Spring tide

2016/1/26 10:00 7.7 5.5 0.9 16.6 8.6
2016/1/26 11:00 4.7 6.9 3.4 2.1 4.9
2016/1/26 12:00 0.1 10.3 3.4 2.6 1.5
2016/1/26 13:00 7.0 22.6 2.4 8.2 1.6
2016/1/26 14:00 34.3 27.3 16.0 165.2 200.3
2016/1/26 15:00 5.6 5.2 3.0 0.9 7.1
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Table 3. Cont.

2016/1/26 16:00 2.0 9.4 10.2 10.8 6.8
2016/1/26 17:00 1.6 6.6 4.0 4.7 7.2
2016/1/26 18:00 5.9 4.5 0.1 56.5 7.4
2016/1/26 19:00 2.6 15.1 2.6 66.7 23.1
2016/1/26 20:00 165.2 172.6 248.8 125.2 163.0
2016/1/26 21:00 5.0 5.8 3.9 24.1 5.3
2016/1/26 22:00 1.3 5.1 1.1 23.0 16.0
2016/1/26 23:00 2.7 4.4 7.1 2.1 5.4
2016/1/27 0:00 6.4 0.1 0.8 0.1 0.2
2016/1/27 1:00 0.4 10.9 1.0 4.6 3.5
2016/1/27 2:00 38.2 20.3 8.6 165.4 204.3
2016/1/27 3:00 3.6 0.9 8.0 4.1 5.7
2016/1/27 4:00 0.2 13.5 4.9 17.3 5.6
2016/1/27 5:00 0.3 3.6 5.8 5.5 2.0
2016/1/27 6:00 4.5 5.5 1.0 83.7 7.2
2016/1/27 7:00 5.5 13.9 0.0 68.1 53.2
2016/1/27 8:00 184.8 184.2 36.4 20.0 87.8
2016/1/27 9:00 5.4 6.0 6.2 31.0 2.1
2016/1/27 10:00 9.3 7.5 4.6 25.7 5.4
2016/1/27 11:00 8.3 4.2 8.9 6.7 1.9
2016/1/27 12:00 4.8 1.3 0.2 1.7 8.0

Tide level: the deviation of high and low tide time and phase must be within ±0.5 h;
the maximum and minimum tide level deviation must be less than ±0.1 m.

Velocity and direction of tide: the deviation of the mean velocity must be within ±10%;
the shape of the velocity process line must be basically consistent; the deviation from the
main tidal current direction must be within ±10◦.

The simulation results (Table 3) show that the calculated data of the Chongwu and
Jinyu Tide Stations were basically consistent with the measured data. The individual error
exceeding ±0.1 m was caused by the small water depth of the Jinyu station located in the
inner bay. The error between the measured value and the simulated value at other time
is less than 0.1 m, which indicates that the model has a good fitting degree. The error
between the measured and simulated tidal levels at high and low tides was less than 0.1 m,
indicating that the model was relatively accurate for tidal level simulation. Station 5# is
located in the northern side of the inner bay with a shallow water depth, and its depth
varies greatly in the ebb and flood tide. This results in a discrepancy between the observed
and simulated values at the site in the simulation of the speed and direction of tidal flow.
The velocity process line basically coincides with the simulated value; the velocity and
direction curves of the other 4 stations were basically consistent with the measured ones.
The error in tidal current direction was kept within ±10◦, and part of the larger error was
mainly caused by the delay in the instrument measurement when the tidal currents was
reversed. According to the test results, the simulation results of the model were accurate.

3.2. Variation of Exchange Intensity of Bay Water

Based on the hydrodynamic model, the tidal prism of Quanzhou Bay under different
topographic conditions was calculated. The calculation area included the line from Xiangzhi
to Qian’an to the Luoyang River and Jinjiang River in the bay (Figure 4). The calculated
results show that the tidal prism decreased year by year from 1954 to 2017, and the total
tidal prism decreases were 2.902 × 108 m3 and 2.592 × 108 m3 during the spring and neap
tides, respectively. The change in tidal prism from 1968 to 1988 was the largest, and during
this period, the tidal capacity decreased by 1.554 × 108 m3 and 1.401 × 108 m3, accounting
for 53.5% and 54.1% of the total variation, respectively.
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Figure 4. Tidal prism in different periods. (a) The calculation range of the tidal prism. (b) The tidal
prism of Quanzhou Bay in different periods and reclamation at the same time.

3.3. Variation of Tidal Current Field
3.3.1. Change of Flow Field in Different Period

A model was used to simulate the characteristics of the tidal current field in Quanzhou
Bay at different time periods (Figure 5). At flood tide time, the tidal current entered the
inner bay from the outer bay along the North and South channels around Dazhui Island,
and converged on the south side of Xiutu and then reached the Luoyang River and the
Neigang channel along the Houzhu channel. In 1954, the maximum tidal current velocity
appeared in the west of Xiutu and the north of Shihu. At that time, the tidal current
velocities along the Xibin were all below 0.15 m/s, and the tidal current velocity in the
tidal flat area of the lower Jinjiang River was between 0.15 and 0.75 m/s. Until 1968, the
maximum tidal current velocity during flood tide still appeared in the Houzhu–Dazhui
channel area, but the tidal current velocity decreased. The current velocity in the tidal flat
region of the lower Jinjiang River was about 0.9–1.2 m/s. From 1968 to 1998, the current
velocity in the channel area decreased, but the direction of the coastal tidal current changed
from SSW to WNW. By 2007, the Neigang channel was opened for navigation, at which
time the maximum tidal current velocity of the flood tide increased from 1.5 to 1.8 m/s. In
2017, the maximum tidal current velocity during flood tide still occurred in the northern
side of Shihu. The same flow field changes during the ebb tide are shown in Figure 5.

3.3.2. Variation of Current Velocity in Channel Area

According to the variation in tidal current velocity and the position during flood tide,
the area with a greater hydrodynamic difference was mainly from the Houzhu to Dazhui
channels. The hydrodynamic changes in the outer bay area were small and stable. In order
to estimate the hydrodynamic change in the channel area, the average current velocity
in across channel’s characteristic points during the flood and ebb tide was calculated by
using the data of the point velocity in the channel area simulated by the model for different
periods (Figure 6).
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Figure 5. Changes in the tidal current field of the rising and falling tides in Quanzhou Bay during
different periods. (a–f) The distribution of the hydrodynamic forces during the flood tide in different
years. (g–l) The distribution of hydrodynamic forces during the ebb tide in different years.

Figure 6. Changes in tidal current field of the flood and ebb tides in Quanzhou Bay during different
periods. (a) Tidal current velocity calculation point distribution location; (b) The average velocity of
the channel area in different years.

The results show that the average tidal current velocity in the channel area decreased
continuously from 1954 to 1998 (Figure 6). During the spring tide from 1968 to 1988, the
large-scale reclamation projects resulted in the hydrodynamic weakening of the inner bay.
At this time, the average velocity during the flood and ebb tide in the channel decreases
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from 1.047 m/s and 0.977 m/s to 0.801 m/s and 0.772 m/s, decreasing by 23% and 21%,
respectively. From 1998 to 2007, the navigable channel led to an increase in water depth
in the channel area, and the flow converged in the channel area. During the spring tide,
the average current velocity of the channel during flood tide and ebb tide increased by
0.031 m/s and 0.028 m/s, respectively. In 2017, the current velocity decreased to 0.705 m/s
and 0.682 m/s, respectively.

4. Discussion

4.1. Effects of Human Activities on the Geomorphology and Hydrodynamic Evolution of the Bay
4.1.1. Influence of Sea Area Change on Exchange Capacity of Bay Waters

According to the calculation results of the model, it can be found that the main reason
for the decrease in the tidal prism was the reclamation project. Reclamation reduced the
area of the bay, which reduced the flow of tidal currents into the bay (Figure 4). From 1954
to 1968, the height of the shoals around the reclamation project was higher than the mean
sea level. Although the reclamation area was large (Table 4), the impact of the reclamation
on the variation in tidal capacity of the bay was minimal. During 1968 to1988, large-scale
reclamation projects, such as “Wuyi reclamation” and “Qiyi reclamation”, were carried out
at this time, which directly blocked the tide from entering north of Baiqi village. As a result,
the tidal prism was greatly reduced at this time. The reduction in tidal prism accounted for
52.7% and 53.8% of the total reduction. From 2007 to 2017, dredging in the channels and
returning farmland to sea were carried out, which slowed down the trend of tidal prism
reduction during this period.

Large-scale reclamation often results in a decrease in the area of the intertidal zone of
the bay, reducing the tidal prism, which, in turn, will weaken the self-purification capacity
of the water body [24]. Nevertheless, the development of industrialization has promoted
the development of printing and dyeing, textile, electroplating, and other industries around
the urban bay. Part of the industrial waste water and the sewage of the cities around the bay
were discharged through sewage pipes or open channels, leading to a continuing increase
in organic matter and heavy metal elements (such as Zn, Pb, etc.) in the bay [25,26]. In
addition, the decrease in tidal prism prolonged the retention time of heavy metals and led
to the chronic accumulation of pollutants, which had worsened the water quality of the
bay [27]. With the continuous deposition of the pollutants in the bay, the retention of some
nutrients and other artificial compounds may cause frequent red tide outbreaks [28]. This
will affect the survival and reproduction of the original marine organisms, and also have an
impact on coastal aquaculture [29,30], which makes the city’s bay water quality problems
increasingly significant.

Table 4. Reclamation area and landscape indices of Quanzhou Bay at different stages.

Year
Cities and
Industries

(m2)

Agriculture
(m2)

Port
(m2)

Aquaculture
(m2)

Other Types
of Land

(m2)

Total Area for
Reclamation

(m2)

Landscape
Indices

1972 5.64 6.71 0 1.01 0.23 13.588 0.976
1988 12.6 39.1 0.80 1.39 2.74 56.628 0.888
1995 17.95 33.75 1.29 4.20 3.00 60.188 1.103
2006 27.21 25.82 2.22 7.06 4.07 66.378 1.256
2019 41.02 22.61 3.69 5.56 6.09 78.968 1.226

4.1.2. Variation of Current Velocity in Channel Area

According to the hydrodynamic simulation results of Quanzhou Bay across different
periods, the hydrodynamic forces in the bay as a whole appear to have weakened. Since the
coastline and topography of Quanzhou Bay in different periods are different in the marine
map information, the hydrodynamic changes may be related to both the coastline and the
topography. In order to explore the influence of coastline change on the hydrodynamics
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of Quanzhou Bay, a hydrodynamics simulation was carried out by changing the coastline
condition and keeping the water depth unchanged.

By comparing the simulated results of the changing coastline with the original hydro-
dynamic distribution (Figure 7), it was found that the coastline change has a significant
impact on the hydrodynamics. In 1968, with the completion of the expansion of the military
reclamation farms in the lower Jinjiang River and Xibin Farm, the average tidal current
along Xibin decreased (Figures 5 and 7). There was a decrease in the tidal current velocity in
the Dazhui channel area in northern Shihu. In 1988, after the “Wuyi reclamation” and “Qiyi
reclamation” projects were completed, the tidal current of the channel from Houzhu to
Dazhui decreased significantly. The tidal current velocity of Gufu and Xibin also decreased.
Due to the completion of “Qiyi reclamation”, the current velocity in the coastal area of
Zhangban decreased. From 1998 to 2017, the excavation of the Neigang channel caused
part of the water flow in Jinjiang River to converge with the water flow in the Houzhu
channel on the western side of Xiutu, and the tidal currents in the northwest and western
Shihu channels also decreased. Similarly, the contrast between the coastline changes and
hydrodynamic distributions during neap tides is shown in Figures 5 and 7.

The variation in coastline has a greater impact on the hydrodynamics. As the width of
the coast decreased, coastal currents increase and the seabed was continuously scoured,
which will further deepen the passage between the coasts, such as the bay of Visant in
France [31]. In some bay mouths, the reclamations have resulted in changes in the direction
of the local flow fields, resulting in erosion of coastlines and seabed in the region under
local wind waves and long-term natural storm surges [32]. At the same time, reasonable
reconstruction of the bay line combined with the specific hydrodynamic conditions in the
region can effectively prevent the erosion of the coastline [33]. Well-structured hydraulic
structures (such as spur dikes and protective levees) can also ameliorate the problem of
coastal deposition to some extent [34].

4.2. The Stage Development of Urban Bay Hydrodynamics and Geomorphology Evolution

According to previous research, the development of industrialization can be divided
into the early stage, middle stage, late stage, and modern society [18]. According to the
research results, we can find that the geomorphology and hydrodynamics of the bay show
different characteristics at different development stages of the urban bay.

Before and during the early stage of industrialization, the geomorphologic changes
of the bay were mainly controlled by natural factors. Marine hydrodynamic erosion and
coastal sediment deposition were the main causes of coastline changes [35,36]. Before 1968,
the tidal current velocity of Points 1#–3# in the river channel decreased due to the natural
siltation of the river channel in the Houzhu Port area (Figure 8). In the Shihu Port area,
there was almost no reclamation around the area, and the geomorphological changes were
mainly influenced by natural factors. The regional tidal current velocity in the northern
Shihu Port was high, and the channel presented a state of erosion. The tidal current velocity
in Point 1# and 3# changed very little, and the tidal current velocity in Point 2# decreased
due to the near-shore silting area. At this time, the reclamation land use was similar to
that of most cities, which was mainly used for agricultural land (Table 4). As a result, the
landscape index was low, and the reclamation land use was unitary.

From 1968 to 1998, the Quanzhou Bay was in the early to mid-stage of its industrializa-
tion. Large-scale reclamation activities such as “Wuyi reclamation” and “Qiyi reclamation”
were carried out (Figure 4). The reclamation dam built on the west side of Baiqi village
during the “Wuyi reclamation” project prevented water from entering the bay, resulting
in a decrease in the influx of tidal water, which further weakened the originally enclosed
hydrodynamic environment of Quanzhou Bay (Figure 8). Meanwhile, the construction of
reclamation dams for reservoirs and sluices upstream of the Jinjiang and Luoyang Rivers
has reduced the runoff and weakened the impact of runoff on tidal movements. Under the
action of tidal current, some sediment particles ascend to the area of the Houzhu channel
with tidal current due to re-suspension. Due to the reduced hydrodynamic forces in the
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bays, tidal forces were not sufficient to transport sediment particles out of the Houzhu
channel, resulting in deposition in the channel area [37]. The development of the tertiary
sector of the economy had increased the shipping demand and prompted the construction
of new berths at the Shihu Port. The expansion of the berth extended the shoreline of
the port and changed the hydrodynamic direction (Figure 8). Deposition of the channel
reduced the tidal hydrodynamic forces and the narrow pipe effect of the tidal channel
between the inner and outer bays [38,39], which attenuates ocean erosion around the Xiesha
shoal. Due to the weakening of the hydrodynamic forces in the inner bay, the bay mouth
was mainly eroded by ocean hydrodynamic forces, resulting in the landward movement of
the 20 m isobath (Figure 8). At this time, the reclamation land increased, and the purpose of
land use became more obvious with the land mainly used for agriculture, and the landscape
index dropped (Table 4).

Figure 7. Hydrodynamics changes of Quanzhou Bay caused by coastline change over different
periods. (a–e) The distribution of hydrodynamic forces during the flood tide in different years after
the changes in the coastline. (f–j) The distribution of hydrodynamic forces during the flood tide over
different years after the changes in the coastline.

From 1998 to 2007, the Quanzhou Bay was in the late stage of industrialization. The
tidal current velocity decreased slightly in Points 1# and 2# of the Houzhu port, whereas
that in Point 3# remained unchanged. The channel deposition thickness continued to rise.
The excavation of the Neigang channel increased the influence of runoff on the tidal current,
which increased the tidal current velocity. With the economic development and industrial
upgrading, the area of industrial land, port land, and aquaculture land in the reclaimed
land increased, which made the landscape index rise, with the types of reclaimed land
showing the characteristics of diversification (Table 4).

During the period of 2007–2017, several channel dredging projects resulted in the
re-deepening of the water depth, which caused the flow velocity in Houzhu channel to
change again. This weak hydrodynamic environment increased the risk of deposition in
the channel and affected the movement of ships in the channel. The Shihu ports continued
to expand eastward. Under the action of the tides, a slow flow zone was formed in the

103



J. Mar. Sci. Eng. 2022, 10, 1677

bay. The sediment that was originally deposited was suspended under the convolution
of the coastal waves [40], which migrated with the waves to the slow flow zone of the
shoal. With the decrease in the whole hydrodynamic force in the bay area, a new deposit
area was formed in the area around the Xiesha shoal, which made the Xiesha shoal area
expand continuously. During the period from late industrialization to modern society,
the reclamation land around the bay was mainly used for ecological restoration and port
expansion. At this time, the reclamation land was mainly used for ecological restoration
and urban development; the single use of land made the landscape index decrease.

Figure 8. Coupled hydrodynamics and geomorphologic evolution in Quanzhou Bay. (a) Tidal
currents in the Houzhu channel at different periods. (b) Tidal currents in the Shihu Port at different
periods. (c) Coupling of geomorphologic changes and hydrodynamics in the Quanzhou Bay. The
blue arrow shows the hydrodynamic development and the brown arrow shows the development and
change of the bay geomorphology.

The industrialization of the bay has changed the shape of the coastline and sea area as
well as changed the original conditions of the water and sediment transport, which caused
changes in the hydrodynamic and sedimentary environment. The coastal construction of
urban bays transforms most natural coastlines into artificial coastlines and changes the
original hydrodynamic intensity and direction, which affects the natural development of
topography in the bay. The coupling relationship between the sedimentary environment
and hydrodynamics is a key to the future evolution of the bay geomorphology; indeed,
the coupling relationship between the human activities and geomorphology has existed in
other bays in the past, such as tidal flat deposition in the Pearl River estuary [41,42].
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4.3. Future Urban Bay Development and Planning

With the continuous intervention by human activities, most urban bays have ex-
perienced different degrees of channel deposition and environmental pollution in bays.
Currently, in China, the number of channels in most urban bays that do not meet the design
standards is rising [43]. From the hydrodynamic model simulation results of Quanzhou Bay
and the research status of other bays, it can be seen that repeated dredging projects funda-
mentally cannot solve the problem of channel deposition [44,45]. Therefore, more measures
need to be taken to repair and transform the ecological environment of the urban bay to
fundamentally solve the problem of the continuous deterioration of the bay environment.

The pollutants discharged into the bay are readily adsorbed by particles and then
deposited in the bay [46,47]. Therefore, reducing the discharge of pollutants is the important
way to reduce the pollution in the bay. For economically developed urban cities, large
heavy industrial enterprises should upgrade and innovate industrial technologies and
eliminate some backward industries, so as to reduce the input of heavy metals and artificial
compounds into the bay [48]. This is of great significance to coastal agriculture and
the surrounding ecological environment. For urban cities that are still in the process of
industrialization, the carrying capacity of the bay environment should be considered in
advance when expanding the scale of the enterprises around the bay [49].

In the area of ecological restoration, it is necessary to develop a regional development
strategy to coordinate the development of the bay and regional ecological environment [1].
The coastal vegetation can absorb and transport heavy metal particles to a certain extent,
so the establishment of nature reserves to restore the coastal vegetation has good ecological
benefits [50]. The economically developed bay area should repair the damaged ecolog-
ical environment in time. The economically underdeveloped bay area should consider
adopting a balance of nature development options. The ecological development of the
bay is combined with energy-saving and emission-reduction projects; examples include
China’s “Carbon neutrality”, the “Blue Bay” restoration project and its “Peak carbon dioxide
emissions” strategy, and offshore wind projects under development in many countries [51].

For the development policy, the government needs to plan development projects and
activities and formulate the relevant legal policies to protect the urban bay ecosystem. Most
of the economically developed bays are now working to reduce the adverse impacts of
reclamation on the bays by setting up specialized bays regulatory agencies and establishing
the relevant legal provisions, measures such as the establishment of a central government-
led regulatory commission and the establishment of a marine coordination regulatory
agency in the Netherlands, the enactment of the Public Surface Burial Act in Japan, and
the Coastal Zone Management Act in the United States, to manage reclamation land [52].
In addition, the re-planning of completed reclamation is also an important tool for the
restoration of the bay, as is the planning for the reconstruction of parts of old industrial
zones in Spain [53]. However, it is also necessary to consider the differences between the
socio-economic development levels and select the appropriate indicators to evaluate the
development of the bay.

5. Conclusions

Based on the topographic and hydrological data of the bay, a numerical model was
used to simulate the hydrodynamics of the bay under the influence of human activities.
Finally, the paper discusses the coupling relationship between human activities and the
evolution of geomorphology and hydrodynamics in the urban bay at different stages of
industrialization. The main conclusions are as follows:

First, reclamation during the industrialization period are the main reasons for the
decrease in tidal prism in the bay. During the whole industrialization period, with the
increase in reclamation area, the water exchange capacity of Quanzhou Bay decreased.
The tidal prism in Quanzhou Bay decreased 22.2% and 29.8% in the spring and neap
tide, respectively.
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Then, the main location of the hydrodynamic changes was in the channel of the bay.
The mean tidal current velocity in the channel shows a trend of first decreasing, then
increasing, and then decreasing.

Finally, there is an obvious coupling relationship between the geomorphologic evolu-
tion and the hydrodynamic forces in the urban bay, and the whole process of industrializa-
tion presents a special stage evolution process. There is an obvious coupling relationship
between the geomorphologic evolution and the hydrodynamic forces in the urban bay,
and the geomorphology shows a special stage evolution process in the whole process
of industrialization. Before and during the early stage of industrialization, the geomor-
phologic changes of the bay were mainly influenced by natural factors. In the middle
of industrialization, the coastal reclamation project increased the sediment content and
weakened the hydrodynamic force in the bay, resulting in a large deposition in the channel
area. The sedimentation of the seabed made the current velocity decrease, and formed a
weak hydrodynamic environment in the channel area, which made the channel deposition
more serious. In the late period of industrialization, the excavation and navigation of the
Neigang channel made the flow of the channel converge, and the hydrodynamic force
of the channel increased. In 2014, the further expansion of the reclamation area led to a
decrease in hydrodynamic force. A reduced water exchange capacity allowed heavy metals
and synthetic materials to deposit in the bay, causing changes in sediment composition,
while human activities such as sand mining and dredging projects directly altered the
underwater seabed. In future bay development, it is necessary to combine the specific
situation of the bay with certain model simulation and prediction before development.

This research clarifies the stage evolution process of an urban bay in the process of
industrialization, which can provide suggestions for the future development of the bay and
ensure the sustainable development of an urban bays.
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Abstract: Marine clays are easily affected by different mineral composition in cyclic load-based
geological hazards. Therefore, based on analyzing the mineral composition of natural marine clay,
it is the key to predict the dynamic properties of natural materials under cyclic loading by using
quantitated artificial marine clay. In this study, the marine clay found in the South China Sea deltas
was investigated. Based on the results of geological conditions and mineral composition analyses,
raw non-clay minerals (such as quartz, albite) and clay minerals (such as Na-montmorillonite and
kaolinite) were used to produce artificial marine clay, the dynamic properties of which were studied
from the impact of mineral composition. Dynamic triaxial laboratory testing for artificial marine
clay comprising various clay minerals was performed under identical test conditions. The artificial
marine clay with high montmorillonite content exhibited slower development of strain, more sluggish
growth in pore water pressure, more rounded hysteresis curves, greater stiffness, and more prolonged
viscous energy growth than the clay with low montmorillonite content. In addition, the flocculated
fabric of the artificial marine clay with high montmorillonite content demonstrated sufficient pore
space changes, more uniform pore distribution, and larger specific surface area than the dispersed
fabric of the clay with low montmorillonite content. The factors arising from the influence of
montmorillonite may lead to microstructural and fabric changes, hinder the development of pore
water, and increase intergranular contact stiffness as well as delay the cyclic strain amplitude at the
breakpoint of viscous energy dissipation. In general, the results presented in this study confirm that
clay minerals, especially montmorillonite, have significant influence on the dynamic properties of
large strain.

Keywords: artificial marine clay; mineral composition; clay minerals; dynamic properties; sedi-
ment fabric

1. Introduction

The dynamic properties of marine clay under cyclic loading have received extensive
attention to date. This is primarily due to marine clay being significantly affected by
earthquakes [1–5], traffic loads [6–8], and wave loads [9–11]. For example, in the Alaska
earthquake of 1964 [12] and the Mexican earthquake of 1985 [13], marine clays along the
respective coastal and delta areas of these regions were severely affected, leading to the
clay-related failure of marine infrastructures and slopes, as well as a large number of
casualties and property losses. The studies relating to these disasters so far were aimed at
informing on and understanding the cyclic behavior of marine clays [14,15].

Generally, due to the genesis of bedrock [16–18], the climate [19–21], and the sedimen-
tation cycle of transgression and regression [22–24], the mineral composition of Quaternary
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marine clays in different deltas or local deltas is obviously different. The difference of
mineral composition is the main reason for the difference of the Atterberg limits water
content of marine clay. Meanwhile, the dynamic characteristics of marine clay under
cyclic loading are affected by many factors [25,26], such as plasticity index (PI), confining
pressure, void ratio, over-consolidation, and initial static shear stresses, etc. The extension
parameter of the Atterberg limit water content, PI, directly determines the classification
and physical properties of soils [27]. Additionally, the PI value is mainly influenced by
the mineral composition and sediment fabric, which was also found to affect the dynamic
properties of marine clay in laboratory dynamic testing [28].

Clay minerals in cohesive soils have frequently been included in research on dynamic
properties. Marcuson and Wahls [29] studied the effects of consolidation time on dynamic
shear modulus in remolded cohesive soils samples with kaolinite and calcium-based
montmorillonite (Ca-montmorillonite). Subsequently, Fahoum et al. [30] and Park and
Kim [31] used various artificial clay minerals to predict the dynamic properties of cohesive
soil in their studies, which indicated that clay soils with a higher plastic mineral content
provided better dynamic properties such as cyclic strength. Recent researches [32–35]
summarized and suggested that a) a critical level of clay mineral content does exist; b) that
clay minerals exhibit different dynamic property trends before and after this critical point;
yet c) this critical point disappears when the clay particles consist in highly plastic minerals.
The reason for this phenomenon is explained by the different microscopic fabric between
clay minerals and coarse particles in the soil [36]. The above research has demonstrated
that clay minerals have an important effect on the dynamic properties of cohesive soils,
and also proved that various artificial clay minerals could be used as substitutes for clay
particles in cohesive soils to study the influence of clay mineral composition on dynamic
properties.

Although many studies of the dynamic properties achieved by adding artificial clay
minerals to clays were conducted, a number of specific problems pertaining to dynamic
properties were identified in marine clay—as a type of clay—comprising artificial clay
minerals. These issues required urgent solutions which were sought in the present study.

• Previous research on the effects of mineral composition on the dynamic properties
of cohesive soils aimed to identify the influence of mineral composition in sand–clay
cohesive soils on their dynamic properties. However, little data exist to quantify
the effect of clay minerals in marine clay on the latter’s dynamic properties under
large strain. According to Boulanger and Idriss [37,38], large strain and excess pore
water pressure rapidly developed in sand–clay mixture with clay minerals, which
was contrary to the gradual development of marine clay. This different development
between sand–clay cohesive soil and marine clay was due to the failure of sand–clay
mixture from excess pore water pressure, while the failure of marine clay arose from
the development of strain and eventual fabric collapse. Therefore, we should re-study
the dynamic properties of marine clay under large strain by focusing on mineral
composition, especially clay minerals, and the fabric formed by clay minerals.

• Natural marine clay is generally composed of a variety of non-clay minerals (such as
quartz and albite) and clay minerals (such as montmorillonite and kaolinite). Unlike
other cohesive soils, the non-clay mineral particle size of marine clay is generally small
and similar to that of clay mineral particles [39]. However, few studies [40,41] to date
have investigated the dynamic properties of non-clay minerals with similar particle
size to clay particles in marine clay. In addition, the difference in particle size between
coarse quartz particles and fine clay particles in marine clay was found significantly
to affect the mechanical properties of marine clay, (e.g., cyclic strength [42] and peak
strength [43]). The mineral composition of natural marine clay is furthermore complex,
and its content in various minerals cannot be controlled artificially. It is therefore
difficult to investigate the influence of mineral content on dynamic properties. Study-
ing the effects of mineral content on dynamic properties would require overcoming
difficulties in achieving sample uniformity within laboratory dynamic testing. These
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challenging problems result from differences in the deposition rate from different
minerals [44] and from the effect of consolidation time under high cementation con-
ditions [45]. These research shortcomings and complexities of marine clays indicate
that the mineral composition and particle size of natural marine clay in the relevant
local area should imperatively be considered when studying the influence of mineral
composition on the large strain dynamic properties of marine clay.

In addition, clay minerals significantly impact on the microstructure and fabric of
different clay minerals specimens. Some previous studies [46,47] found that the influence
of mineral composition on mechanical properties, especially dynamic properties, could
not be ignored for cohesive soil. Sun et al. [48] proved that the microstructure and fabric
of natural marine clay with the same initial and loading states correlated with their me-
chanical properties by performing test using a field emission scanning electron microscope.
Meanwhile, Cuisinier et al. [49] demonstrated the alkaline solution weakened the shear
strength behavior of compacted artificial bentonite–argillite mixture by combining scanning
electron microscopy (SEM) and mercury intrusion porosimetry (MIP) testing. However,
these studies still do not consider the mineral composition as a variable, especially the
content of clay minerals, when systematically studying the influence of microstructure and
fabric on the dynamic properties of artificial marine clays.

Therefore, to investigate the effects of clay mineral composition on the dynamic
properties and sediment fabric of marine clay under large strain, laboratory dynamic triaxial
testing was conducted with clay mineral content as the primary research parameter, and
the Atterberg limits and PI as auxiliary parameters. Based on the mineral composition of
natural marine clays in two of the largest estuarine deltas (Pearl River Delta and Han River
Delta) in Guangdong province, South China, four types of raw mineral powder (quartz,
albite, Na-montmorillonite, and kaolinite) with similar particle sizes were used to produce
the artificial marine clays. The research focused on the stiffness degradation and energy
dissipation of different clay minerals. Subsequently, the sediment fabric of microstructure
and microporosity in artificial marine clay specimens were examined using low-vacuum
environmental scanning electron microscopy (LVESEM) testing and mercury intrusion
porosimetry (MIP) testing. It was anticipated that the test results would help establish a
research method to quantify the role of clay minerals in the dynamic properties and fabric
of marine clay. The conclusions were proposed to help improve the understanding and
application of mineralogy and engineering geology in studying the mechanical properties
of marine clay.

2. Materials and Methods

2.1. Mineral Composition of Natural and Artificial Marine Clay
2.1.1. Geological Conditions and Mineral Composition of Natural Marine Clay

Since the Pliocene in the Neogene, the second Himalayan movement caused several
northeast to southwest orientated fault zones under the two estuary (Pearl River and Han
River) Deltas, which resulted in obstructing both the Pearl and Han Rivers in Guangdong
Province, South China [50]. The existence of fault zones in close proximity of the South
China Sea resulted in the more significant formation of Quaternary marine sediments
along the delta front to the outside of the most extended shell sand bar, than continental
sedimentation formation. Both deltas were formed during the Mindel-Riss and Riss-Wurm
interglacial periods. Marine clay formed as a result of transgression during the Riss-Wurm
interglacial, Atlantic, and Sub-Atlantic periods [51]. During these periods, three marine
clay layers were formed from three sedimentary cycle of the Quaternary deposits in Pearl
River Delta. However, due to only weak regression during the Sub-boreal period, which
may have been negligible, continuous transgression occurred during the Atlantic and
Sub-Atlantic periods, eventually leading to the formation of two sedimentary cycle of
Quaternary deposits in Han River Delta [52].

In order to analyze the mineral composition of both estuarine deltas, three marine clay
specimens were sampled from them and mineral composition test results were measured
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by X-ray diffraction. The basic physical properties of these three marine clays are listed in
Table 1. The corresponding mineral compositions are shown in Table 2. These results were
also compared to those of earlier studies of the mineral composition of marine clay found
in Pearl River Delta [53] and in Han River Delta [54], reported in Table 3. The above tables
show the mineral composition and geological age of the marine clays taken by drilling and
sampling. The locations of the above sampling operations are shown in Figure 1.

Since all sampling locations were in the front delta area outside the most extensive
shell sand bar, borehole analysis revealed these marine clays to be sediments formed by
the transgression of the Quaternary Holocene period. It is well documented that the main
sedimentary minerals in marine clay are non-clay minerals of quartz and albite, and clay
minerals of montmorillonite, kaolinite, illite, and chlorite, along with small numbers of
other minerals. For non-clay minerals, the ratio of quartz to albite ranged between 3:1
and 7:1, while for clay minerals, the ratios between the clay minerals varied among the
diverse samples from the two deltas. To study the effects of clay mineral composition on
the dynamic properties of artificial marine clay, the mineral composition of the natural
marine clay in two estuarine deltas in the South China Sea was investigated. The mineral
composition of natural marine clay in these two estuarine deltas was hence taken as the
basis of and background for the study of dynamic properties.

Figure 1. Cont.
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Figure 1. Geomorphologic maps and sampling locations of two typical estuarine deltas in the South China Sea. (a) Geomor-
phologic map of the southeastern coast of China; (b) Geomorphologic map and sampling locations of the Pearl River Delta;
and (c) Geomorphologic map and sampling locations of the Han River Delta.
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2.1.2. Mineral Composition of Artificial Marine Clay

Based on results of the above-mentioned mineral component analysis of marine clay,
samples were obtained by mixing corresponding proportions of raw minerals for further
laboratory dynamic testing and sediment fabric measurement. Four raw minerals were
selected as the raw materials to create the artificial marine clay. Firstly, the non-clay minerals
were selected from the main components: quartz and albite. Secondly, the clay minerals
were selected from Na-montmorillonite and kaolinite, which are the main clay mineral
components in natural marine clays [39]. In his study of clay mineralogy, Grim [55] found
that these two clay minerals displayed extreme characteristics in terms of isomorphous
substitution, specific surface area, and plasticity. According to earlier mineral analysis
studies in the field [56], these four minerals were identified as the most common ones in
natural marine clay. The raw minerals extracted from mining and their main parameters
and mineral composition are shown in Table 4.

Table 4. The basic physical properties of raw minerals.

Raw Mineral
Specific
Gravity

Gs

Plastic Limit
PL (%)

Liquid limit
LL (%)

Plasticity
Index 1

PI (%)

Specific
Surface Area 2

Ss (m2/g)

Mineral Composition 3

(%)

Quartz 2.656 9.1 15.7 6.6 2.66 Quartz 97.0, Mica 3.0
Albite 2.659 6.8 12.6 5.8 5.47 Albite 91.4, Anorthite 8.5

Na-montmorillonite 2.888 42.0 173.0 131.0 336.94 Na-montmorillonite 90.0,
Quartz 8.3, Calcite 1.7

Kaolinite 2.500 36.8 64.6 27.8 11.81 Kaolinite 98.2, Plagioclase 1.8
1 The Atterberg limit of non-clay minerals including the plastic limit and the liquid limit is due to the long-range interparticle attractive
force, i.e., van der Waals forces [39]. The plasticity index is equal to the liquid limit minus the plastic limit. 2 The specific surface area of raw
minerals is determined by using ethylene glycol monomethyl ether [57]. 3 The mineral composition of raw materials is determined by the
X-ray diffraction based on the Normalized Reference Intensity Ratio Method [58].

Using a laser-scattering particle-size distribution analyzer, the particle size distribution
of four types of raw minerals and three types of natural marine clays presented in Table 1
is shown in Figure 2. By screening out particles larger than 75 μm, the D50 (mean particle
size) of raw minerals was explicitly controlled from 5 μm to 15 μm, including 10.31 μm
for quartz, 7.67 μm for albite, 14.81 μm for Na-montmorillonite, and 5.47 μm for kaolinite.
The mean particle sizes of the four raw minerals were consistent with the particle size of
natural marine clays (HR-JP, PR-HX, and PR-WQS). The samples of the four minerals with
similar mean particle sizes presented three advantages: (a) When all particle sizes were
less than 75 μm, the artificial marine clay was classified as fine-grained soil; (b) If the size
of particles approached 75 μm, the fine-grained soil would exhibit a rapid shaking reaction,
thereby causing water slowly to appear on the surface of the specimen in liquefaction-like
form during sample preparation and testing [59]. The mean particle sizes of typical natural
marine clay in both deltas were furthermore primarily measured around 5 μm as shown in
Figure 2. Therefore, the mean particle size of the four minerals was controlled to remain
close to 5 μm rather than 75 μm. (c) If the particle size of each raw mineral presented
different orders of magnitude, then particle size did become a relevant factor influencing
the dynamic properties of fine-grained soil as mentioned in the Introduction of this paper.
For these three reasons, the particle size of the four raw minerals was limited to a consistent
narrow range.
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Figure 2. Particle size distribution curve of four types of raw minerals and three types of natural
marine clay.

2.2. Laboratory Dynamic Triaxial Test
2.2.1. Specimen Preparation

On the basis of the mineral composition of natural marine clays, all artificial marine
clays were made up of four raw minerals. The artificial marine clay was produced by
mixing components according to specific mass ratios. The mass ratio of quartz to albite was
fixed at 8:2 in non-clay minerals, while the mass ratio of Na-montmorillonite to kaolinite
was adjusted to between 9:1 and 2:8 in clay minerals. The abbreviations for mass ratio of
raw minerals (quartz: albite: Na-montmorillonite: kaolinite) were defined as the name of
the corresponding artificial marine clay specimen. For example, the ratio of quartz, albite,
Na-montmorillonite, and kaolinite was 8:2:9:1, hence the name of the associated specimen
in this paper was 8291. The specimens were remolded into eight layers using a moist
tamping method. This sample preparation method was used in preference to the slurry
deposition method commonly used for marine clay to avoid the delamination caused by
different mineral deposition rates. All samples intended for laboratory dynamic triaxial
testing were 39.1 mm (diameter) × 80 mm ± 0.5 mm (height). Lastly, six test specimens
were produced, the names and physical parameters of which are shown in Table 5. It should
be noted that since the void ratio significantly influences the mechanical properties and
dynamic characteristics of marine clay [60], all saturated specimens comprised the same
void ratio (1.537), whilst retaining different raw mineral volume fractions in accordance
with their variable mass ratios.
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In addition, a higher content of Na-montmorillonite was found to slightly increase
the plastic limit, significantly raise the liquid limit, and was accompanied by a surge in the
plasticity index, as shown in Table 5. The Montmorillonite activity [61] was introduced
to reflect the linear effect of Na-montmorillonite content (Mc) on plasticity, as shown in
Figure 3. When the Na-Montmorillonite content was nil, the mass ratio (quartz: albite:
Na-montmorillonite: kaolinite) of mineral composition was 8:2:0:10. The artificial marine
clay was composed of only non-clay minerals and kaolinite, and PI = 27.65. In order to
express the natural marine clay and artificial marine clay from a geotechnical point of view,
a plasticity chart [62] was produced and is shown in Figure 4, which demonstrates that
HR-JP of natural marine clays and all artificial marine clays belonged to the category of
fat clay, abbreviated CH. PR-HX is on the edge of “A line” and classified as elastic silt,
abbreviated MH. PR-WQS is classified as lean clay with sand, abbreviated CL, due to the
existence of about 25% coarse-grained particle from particle size distribution in Figure 2.

Figure 3. Relationship between Na-montmorillonite content and plasticity index (PI) in artificial
marine clays.
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Figure 4. Plasticity chart of natural and artificial marine clays.

2.2.2. Experimental Procedure

In order to analyze the influence of clay mineral composition on the dynamic proper-
ties of marine clay under large strain, a series of consolidated undrained cyclic triaxial tests
were conducted on soil specimens with different mineral compositions, using the stress-
controlled DDS-70 microprocessor-controlled electromagnetic cyclic triaxial testing system
(Binta Instrument Technology Co., Ltd., Beijing, China). The experimental apparatus and
typical specimen diagram are shown in Figure 5. Existing studies showed that during
hydration under high cementation conditions, the dynamic characteristics of marine clay
were affected by the consolidation time [28,45]. Meanwhile, the Quaternary marine clay
generally showed slight over-consolidation [1,63]. For these reasons, all specimens with
saturation coefficient B greater than 0.97 after subsequent vacuum saturation and back
pressure saturation were subjected to strict control of the consolidation time during the
corresponding process. After 24 hours’ consolidation under a back pressure of 200 kPa (the
mean principal effective stress was 250 kPa), the primary consolidation was completed.
The back pressure was then raised to 250 kPa for a further 24 h (the mean principal effective
stress was 200 kPa). The resulting specimens showed the same consolidation time with an
over-consolidation ratio of 1.25. As indicated in Table 5, cyclic triaxial tests were conducted
on specimens DT-1 to DT-6 under a virtually identical cyclic stress ratio (CSR, namely the
ratio of cyclic shear stress amplitude to the mean effective principal stress, τcyc/p′0), from
0.268 to 0.284. This CSR range ensured that all specimens underwent at least 100 cycles by
the end of the test. During the experiment, the cyclic loading waveform was sinusoidal,
and the loading frequency was 0.1 Hz. The test was terminated when a single amplitude
strain reached 5% or the number of cycles reached 1000. Figure 6 below shows the DT-6
results of dynamic triaxial testing of artificial marine clay.
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Figure 5. Experimental apparatus (DDS-70) and typical specimen diagram.

Figure 6. Results of dynamic triaxial test on artificial marine clay (DT-6).

To verify the repeatability of cyclic triaxial testing of artificial marine clays, two series
of original and parallel trials were performed on the 8255 series (CSR ≈ 0.215, test 1 and 2
are not listed in Table 5 as a test series) and 8228 series (CSR ≈ 0.281) under identical test
conditions, as shown in Figure 7. The figures reveal the results of two test components:
(a) strain development and (b) hysteresis curve. Strain development included cyclic
axial strain amplitude (the maximum and minimum axial strain amplitude at each cycle,
εcyc = (εmax − εmin)/2) and residual axial strain (cumulative strain when deviator stress
is nil at each cycle, εr). The hysteresis curves represented the results of the 8255 series at
the 500th cycle and the 8228 series at its failure cycle, respectively. As the figures illustrate,
the differences in strain development and hysteresis curve of representative cycles were
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minimal in both series. The above results further demonstrated the reliability of cyclic
triaxial testing of artificial marine clays.

Figure 7. Dynamic characteristics of artificial marine clays in two series (test 1 and 2 of 8255 and
original and parallel tests of 8228) under cyclic loading: (a) Relationship between number of cycles
versus cyclic axial strain amplitude and residual axial strain (deviatoric stress is zero at each cycle);
(b) Hysteresis curves of specific cycles.

3. Results

3.1. Cyclic Triaxial Test Results

The results of laboratory large strain dynamic testing of artificial marine clays were
generally presented under three categories: (a) strain development; (b) pore water pressure
change; and (c) hysteresis curve shape.
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3.1.1. Strain

The strain development test results were presented in terms of cyclic axial strain
amplitude and residual axial strain, as shown in Figure 8. The cyclic axial strain amplitude
was used as an indicator of strain development, which increased with the loading cycle
until completion of the test. The terminated cycle and maximum cyclic amplitude strain
are presented in Table 5. As the proportion of Na-montmorillonite in the specimens
decreased (from DT-3 to DT-6), the maximum cyclic amplitude strain at the failure cycle
increased from 3.52% to 4.26% under identical test termination conditions (i.e., with the
single amplitude strain of 5%). At the same time, the cyclic amplitude strain curve of the
specimens with less Na-montmorillonite content changed from a gradual to an abrupt
rise. The mineral composition of Na-montmorillonite was therefore found to hinder the
rapid development of strain under unchanged remaining test conditions; increased Na-
montmorillonite content was furthermore shown to further limit the development of strain
significantly.

Figure 8. Relationship between number of cycles versus cyclic axial strain amplitude and residual
axial strain for artificial marine clays.

3.1.2. Pore Water Pressure

The residual pore water pressure (PWP) and time-history of PWP are recorded in
Figure 9. The residual PWP was equal to the PWP at zero deviatoric stress within the cycle.
Due to the same back pressure and over-consolidation ratio, PWP of all specimens started
from 250 kPa, initially developing in a negative direction and then increasing in a positive
direction until the tests were terminated. The time-history PWP curves indicated that the
development of pore water pressure was synchronous with the sinusoidal cyclic loading.
The samples with high montmorillonite content demonstrated a slower cumulative increase
rate in pore water pressure and lower residual pore water pressure at the end of the test.
Meanwhile, the specimens with extremely high montmorillonite content, especially DT-1,
presented a narrower pore water pressure amplitude (the width of time-history PWP)
than low montmorillonite content specimens. Therefore, montmorillonite in mineral
composition was also found to play a role in inhibiting the rise of PWP while limiting
strain increase. The impeditive development of PWP affected both the cumulative results
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(residual PWP) and cyclic results (PWP amplitude) as the Na-montmorillonite content
increased.

Figure 9. Relationship between number of cycles versus residual pore water pressure (deviatoric
stress is zero at each cycle) and time-history pore water pressure for the mineral composition of
artificial marine clays.

3.1.3. Hysteresis Curve Shape

Although the CSRs of all specimens were similar; their strains exhibited significant
differences due to their various mineral compositions. In order to eliminate the differences
in stress and strain, the double-normalized hysteresis curve at the failure cycle (or termi-
nated cycle) was used to compare the shapes of the hysteresis curves. In Figure 10a, the
evolution of the double-normalized hysteresis curve process is presented and explained
by moving the hysteresis curve back to the origin of the X-axis and double-normalizing.
The normalized deviatoric stress in the Figure is equal to the deviatoric stress divided
by the cyclic axial stress amplitude (σcyc = (σmax − σmin)/2). The normalized axial strain
is equal to the axial strain after the hysteresis curve has been moved back to the origin
(Movement = εa − (εmax + εmin)/2), divided by the cyclic axial strain amplitude. Subse-
quently, the double-normalized hysteresis curves of artificial marine clays at the failure
cycle are presented in Figure 10b. Here, some specimens with high montmorillonite content
(DT-1 and DT-2) reveal narrow hysteresis curves resembling a “banana shape”, because
they only meet the requirements for 1000 terminated cycles, but not those for large strain
failure. In other specimens (DT-3 to DT-6), the samples with high montmorillonite content
such as DT-3 and DT-4, comprise a more rounded “olive shape” than the specimens with
low montmorillonite content such as DT-5 and DT-6. A corresponding relationship can
furthermore be seen in Figure 10b between the shape of the double-normalized hysteresis
curve and viscous energy dissipation, which will be discussed in the following Section 4.2.

3.2. Stiffness and Energy Dissipation

Previous research [3,64,65] indicated that the dynamic properties of stiffness degra-
dation and energy performance in artificial marine clays could be further calculated and
explored on the basis of test results of strains and hysteresis curves under cyclic loading.
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Figure 10. Double-normalized hysteresis curve of failure (or terminate) cycle: (a) Schematic diagram
of normalization; (b) Double-normalized hysteresis curve of failure (or terminate) cycle for the
mineral composition of artificial marine clays.

3.2.1. Stiffness Degradation

The cyclic axial strain amplitude (εcyc) was transformed into cyclic shear strain ampli-
tude (γcyc) by Poisson’s ratio (μ) as shown in Equation (1) below. The shear modulus under
the cyclic triaxial test was obtained from the slope of the stress–strain top-line in Equation
(2) below and Poisson’s ratio conversion in Equation (3) below. Based on the assumption
of undrained conditions, Poisson’s ratio was assumed to be 0.5 in this study.

γcyc = (1 + μ)εcyc (1)
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Ed =
σcyc

εcyc
=

(σmax − σmin)/2
(εmax − εmin)/2

(2)

Gd =
Ed

2(1 + μ)
(3)

In order furthermore to eliminate the influence of the maximum dynamic shear modulus of
various artificial marine clays, the normalized dynamic shear modulus was presented. The
maximum dynamic shear moduli of artificial marine clay were determined from the results
of resonance column tests [41] and shown in Table 6. The relationship between cyclic shear
strain amplitude in large-scale strain and normalized shear modulus was obtained, as
shown in Figure 11.

Figure 11. Relationship between cyclic shear strain and normalized dynamic shear modulus curves
for the mineral composition of artificial marine clays.

Table 6. The parameters result of the Martin–Davidenkov model of artificial marine clays.

Test
Specimen

Plasticity Index
IP

Maximum Dynamic Shear
Modulus 1

Gmax (MPa)

Martin–Davidenkov Model
Parameters

Correlation
Coefficient

R2γ0 A B

DT-1 100.9 8.56 1.587 × 10−3 1.889 0.636 0.997
DT-2 96.2 8.08 1.394 × 10−3 1.859 0.599 0.993
DT-3 86.0 8.03 1.318 × 10−3 1.787 0.598 0.997
DT-4 74.2 6.29 1.234 × 10−3 1.594 0.566 0.995
DT-5 57.9 5.71 1.140 × 10−3 1.556 0.554 0.991
DT-6 47.6 4.94 1.104 × 10−3 1.552 0.553 0.999

1 The maximum dynamic shear modulus of artificial marine clays refers to Shan et al. [41] by resonance column test.

With the increased cyclic shear strain, the normalized shear modulus exhibited a ten-
dency towards degradation. The cyclic shear strain ranged from 1.24 × 10−3 to 7.17 × 10−2,
a relatively large strain. Lastly, under a cyclic shear strain of 10−1, the shear modulus of
all specimens degraded from around 0.6 to nearly zero. The samples with high montmo-
rillonite content displayed greater normalized shear moduli under the same cyclic shear
strain. Since stiffness resulted from the transmission of shear waves between particles and
intergranular contact, the specimens with high montmorillonite content (high plasticity)
displayed greater contact, even once the shear strain had occurred. This conclusion was
deemed consistent with the small strain stiffness test results of resonant column testing
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in artificial marine clays [41]. Meanwhile, combined with the plasticity index of artificial
marine clays, the above conclusion, was deemed consistent with the relationship between
stiffness degradation and soil plasticity for natural normal and over-consolidated soils
studied by Vucetic and Dobry [66].

In addition, the fitting curves of the nonlinear Martin–Davidenkov model [67] was
adopted to describe the stiffness degradation, as shown in Figure 11. The Martin–Davidenkov
model was expressed as follow:

Gd
Gmax

= 1 −
( (

γcyc/γ0
)2B

1 +
(
γcyc/γ0

)2B

)A

(4)

where γ0, A, and B were fitting parameters related to stiffness degradation, and the
corresponding parameter results are presented in Table 6.

The plasticity index (PI) rose with the increase in montmorillonite content within the
mineral composition. At that point, all three parameters in the Martin–Davidenkov model
showed transformation of power functions (Equations (5)–(7) below) trend increases with
the rise of PI, as shown in Figure 12, which was deemed consistent with the above stiffness
degradation.

γ0 = γ0,min + aγ · (PI)bγ

(γ0,min = 1.109 × 10−3, aγ = 7.237 × 10−12, and bγ = 4.882)
(5)

A = Amin + aA · (PI)bA

(Amin = 1.502, aA = 5.706 × 10−8 , and bA = 3.420)
(6)

B = Bmin + aB · (PI)bB

(Bmin = 0.549, aB = 6.532 × 10−11 and bB = 4.533)
(7)

where γ0,min, aγ, bγ, Amin, aA, bA, Bmin, aB, and bB are fitting parameters. When the mass
ratio (quartz: albite: Na-montmorillonite: kaolinite) of mineral composition was 8:2:0:10,
the lower limit reached by the domain of PI in the three equations was 27.52, as can be seen
in Figure 3. At the same time, γ0, A, and B were 1.110 × 10−3, 1.507, and 0.550, respectively,
which were all minimum values.

Figure 12. Cont.
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(b) 

 
(c) 

Figure 12. Relationship between plasticity index and Martin–Davidenkov Model parameter curves for mineral composition
of artificial marine clays: (a) shear strain parameter, γ0; (b) parameter A; (c) parameter B.

3.2.2. Viscous Energy Dissipation

The area contained within the hysteresis curve is taken as viscous energy dissipation
of each cycle has been widely recognized by researchers [68–70]. The calculation method
of viscous energy dissipation for each cycle is presented in Equation (8). Furthermore,
the viscous energy dissipation ratio (VEDR), a non-dimensional energy index to eliminate
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stress and strain [71–73], was introduced to investigate the viscous energy dissipation
characteristics of artificial marine clay. VEDR is dimensionless in terms of viscous energy
dissipation in each cycle. It is similar to calculating the area ratio between hysteretic curve
and circumscribed square in double-normalized hysteresis curves. The expression and
schematic diagram of VEDR are shown in Equation (9) and Figure 13 below, respectively.

ΔWi = AHysteresis =
n−1

∑
i=1

(σd,i+1 + σd,i)

2
(εa,i+1 − εa,i) (8)

VEDR =
ΔWi

Srectangle
=

ΔWi
(σmax,i − σmin,i)(εmax,i − εmin,i)

(9)

Figure 13. Typical hysteresis curve for calculation of viscous energy dissipation ratio (VEDR).

Figure 14 shows the relationship between number of cycles and VEDR for artificial
marine clays. The VEDR curves follow a slight increase–slow decrease–slow increase
pattern before undergoing a sudden, rapid increase at the obvious breakpoint, except in
the case of DT-1. DT-1 is where failure does not occur due to the required single amplitude
strain, hence the final stage of rapid increase is not reached. In general, the VEDR curves
showed a rising trend, indicating that viscous energy dissipation in artificial marine clay
increased overall with cyclic loading. The wave-like formation and rising trend of VEDR
curves described above were confirmed to be fully consistent with the research results of
Shan et al. [61].

At the same time, the artificial marine clay specimens with various clay mineral
contents displayed different VEDRs in the early and failure cycles. In the early cycles,
the development of VEDRs was limited by the content in montmorillonite. VEDRs with
high montmorillonite content were lower than those with high kaolinite content in the
same cycles. In the failure cycles, VEDRs (for DT-3 to DT-6) increased with the rise in
montmorillonite content. This indicated that a high montmorillonite content reflected more
prominent viscous energy dissipation capability under the same failure strain. However, the
VEDRs in the terminal cycles of samples with extremely high montmorillonite content (DT-1
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and DT-2) were lower. The differences in shape of the double-normalized hysteretic curves
also reflected the energy dissipation status of artificial marine clays. The rounder, olive-
shaped double-normalized hysteretic loops reflected greater viscous energy dissipation. In
contrast, the double-normalized hysteresis curves of nonfailure specimens with extremely
high montmorillonite content were banana-shaped.

Figure 14. Relationship between number of cycles and VEDR for artificial marine clays.

Furthermore, the VEDRbreakpoint of artificial marine clays was affected by the montmo-
rillonite content of the clay. Shan et al. [61] indicated that VEDRbreakpoint was the point at
which the gradient of the VEDR curve became very steep and marked the energy turn-
ing point at a late stage of cyclic loading. The VEDRbreakpoint of artificial marine clay is
illustrated in Figure 14. With reduced montmorillonite content and increased kaolinite
content, the VEDRbreakpoint rose slowly. Eventually, the intercept of VEDRbreakpoint trend
line in artificial marine clay was 0.3030. It should be noted that this intercept of VEDR
represents the energy ratio at the point when soil specimens failed after only one cycle
and should only correlated with the composition and proportion of non-clay minerals.
In order to further illustrate the dynamic characteristics of the VEDRbreakpoint, the linear
relationship between cyclic strain amplitude at breakpoint (εbreakpoint) and plasticity index
(PI) for artificial marine clays is shown in Figure 15. This provided further evidence that
the dissipated viscous energy of high montmorillonite content specimens was inhibited,
and the cyclic strain of energy breakpoint was delayed.
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Figure 15. Relationship between plasticity index and cyclic strain amplitude at breakpoint for
artificial marine clays.

4. Microstructure and Fabric

The low-vacuum environmental scanning electron microscopy testing (LVESEM,
Quanta 200, Center for Electron Microscopy and Analysis (CEMAS), Columbus, OH,
USA) and MIP testing (AutoPore 9510, Micromeritics Instrument Corporation., Norcross,
GA, USA) were conducted to investigate artificial marine clay fabric microstructure and
microporosity in artificial marine clay specimens. Four out of the six consolidated artificial
marine clays (8291, 8282, 8255, and 8228 specimens) were selected to undergo the sediment
fabric tests. Freeze-drying pretreatment [74] was carried out on the artificial marine clay
specimens after the consolidated treatment before the sediment fabric tests. The LVESEM
and MIP test specimens were immersed for about 1 min in a container filled with isopen-
tane as a transition. Then, the specimens were transferred to a container filled with liquid
nitrogen (−196 ◦C) and soaked for about 1 min. After complete freezing, the pore water
was extracted using a vacuum pump that provided an absolute pressure of 6 Pa. The dried
specimens were then kept in a vacuum dryer pending the sediment fabric tests.

4.1. LVESEM Analysis

The horizontal section of the dried specimens was broken off by hand, and the flat
observation area was selected as the test area for the LVESEM experiment. Figure 16
shows the LVESEM test results for artificial marine clay. Based on the SEM petrology
atlas [75], the atlas comparison method was used to distinguish the mineral particles and
analyze artificial marine clay fabric in the LVESEM images. The LVESEM images of the four
artificial marine clay specimens, the consolidated specimens with high montmorillonite
content, especially specimen 8291, demonstrated pronounced flocculated and aggregated
structures with edge-to-face and edge-to-edge contacts at the same initial void ratio. At
the same time, the consolidated specimens with low montmorillonite content, especially
specimen 8228, displayed dispersed and deflocculated structures with face-to-face associ-
ation. As suggested by Gumaste et al. [44], the reason proposed for this sediment fabric
phenomenon was that montmorillonite comprise a larger specific surface area and greater
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capacity for isomorphous substitution than kaolinite. This was attributed to the fact that
montmorillonite particles show greater Coulomb attraction and London–van der Waals
forces to overcome diffuse double-layer models of repulsive forces, and eventually form a
flocculated sediment fabric.

Figure 16. Quanta200 environmental scanning electron microscope (LVESEM) photo of artificial marine clays with a
magnification of 1000: (a) 8291; (b) 8282; (c) 8255; (d) 8228.

Chen et al. [76] proposed that the unloaded flocculated structures in the sediment
fabric tended to show greater random particle orientation and deformability and were thus
more sensitive to load. As a result, pore variations of the specimens with higher montmo-
rillonite content were more significant than those with lower montmorillonite content after
consolidation under the same effective stress. For example, although samples 8291, 8282,
8255, and 8228 shared the same initial void ratio prior to consolidation, their respective
pore area percentages after consolidation were 55.8%, 56.7%, 57.8%, and 61.4% according
to LVESEM images from the Particles (Pores) and Cracks Analysis System (PCAS, Nanjing
University, Nanjing, Jiangsu, China) [77] which can be processed into binarized images and
help calculate the proportion of pore spaces. Compared with kaolinite, montmorillonite
comprised a thicker adsorbed water film (stern layer) and narrower free water passage
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(diffusion layer) between weakly adsorbed water layers. The narrow path and low porosity
of montmorillonite hindered the development of pore water pressure under cyclic loading.
Research by Pillai et al. [78] furthermore indicated that dispersed microfabric was found to
offer reduced resistance under cyclic loading.

As marine clay with lower void ratio was shown to have a higher dynamic shear
modulus [79], the low porosity in specimens with high montmorillonite content offered
a reasonable explanation for the high stiffness under the same strain conditions from
Figure 11. From the perspective of energy dissipation, viscous energy dissipation in
cohesionless particles with liquefaction potential is mainly provided by the sliding and
rolling occurring between particles [80]. Similarly, in artificial marine clays, the advantage
of montmorillonite compared to kaolinite in terms of specific surface area and capacity
for isomorphous substitution may result in a significant increase in intergranular contact
between particle–particle, particle–aggregate, and aggregate–aggregate. Therefore, this
increased intergranular contact increases the difficult of the sliding and rolling between
montmorillonite particles in the consolidated flocculated low-porosity specimens under the
same cyclic loading. Lastly, the specimens with high montmorillonite content were shown
to experience a more prolonged rise in viscous energy before failure on the basis criterion
of single amplitude strain, resulting in greater VEDR at the failure cycle (VEDRfailure). At
the same time, the VEDR of high-montmorillonite content specimens remained low, and
the cyclic strain amplitudes at breakpoint were delayed.

4.2. MIP Analysis

Dried specimens weighing between 0.8 g and 1 g were tested in the automatic mercury
porosimeter. Since mercury is a non-wetting liquid when in contact with mineral particles,
the relationship between mercury intrusion pressure and pore diameter could be derived
from the Washburn equation [81]. On the basis of Diamond’s [82] experimental study of
mercury intrusion into clay with kaolinite and illite, the contact angle between mercury
and clay minerals was determined as 147 degrees, and the surface tension coefficient
as 0.485 N·m−1. At the same time, with the increased mercury intrusion pressure, the
pressure-associated pore diameter decreased continuously. The results of MIP tests were
therefore plotted in terms of the variation of cumulative (Vcumulative) and incremental
(Vincremental) intrusion volumes of mercury in the specimen with respect to pore diameter
(Di) as shown in Figures 17 and 18, respectively. The cumulative intrusion volume of
mercury (Vcumulative = ∑i ΔVi) reflected the cumulative mercury content of the intrusion
curve under different pore diameters. The incremental intrusion volume of mercury
(Vincremental = −ΔVi/ΔlogDi) expressed the characteristics of pore distribution. The MIP
test results are listed in Table 7.

Table 7. The result of the fabric in artificial marine clays by LVESEM test and MIP test.

Test
Specimen

Plasticity
Index

IP

Percentage of
Pore Area 1

Parea (%)

Final Cumulative Intrusion
Volume of Mercury
Vcumulative (mL/g)

Intra-Aggregate Pore
Diameter

Dintra-aggregate (nm)

Incremental Intrusion Volume of
Mercury at Intra-Aggregate Pore

V incremental (mL/g)

8291 100.9 55.8 0.196 456 0.263
8282 96.2 56.7 0.237 564 0.360
8255 57.9 57.8 0.307 566 0.629
8228 47.6 61.4 0.369 718 0.623

1 The percentage of pore area of artificial marine clays is calculated by Particles (Pores) and Cracks Analysis System (PCAS) [77].

Figure 17 shows how the cumulative intrusion curves of the specimens with high
montmorillonite content always remain below those with low montmorillonite content.
This study result proved that the total pore volume of high montmorillonite specimens
such as samples 8291 and 8282, is lower than that of low montmorillonite specimens,
as samples 8255 and 8228. This conclusion was demonstrably consistent with the pore
areas percentage findings in LVESEM. The relationships between PI and final cumulative
intrusion volume porosity in MIP test results and percentage of pore areas in LVESEM test
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results are shown in Figure 19. With the increase in plasticity, the pore volumes and pore
areas of artificial marine clay decreased gradually. However, the fitting line of pore volume
is steeper than that of pore area in Figure 19. It should be remembered that cumulative
intrusion volume porosity is a typical three-dimensional pore space, while percentage of
pore area is a two-dimensional pore space on the observed section. Therefore, the pore
volume is more sensitive than pore area to the influence of plasticity index.

Figure 17. Pore-size distribution with respect to cumulative intrusion volume of mercury.

Figure 18. Pore-size distribution with respect to incremental intrusion volume of mercury.
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Figure 19. Relationship between plasticity index and final cumulative intrusion volume porosity in
MIP test and percentage of pore areas in LVESEM test for artificial marine clays.

From Figure 18, it can be seen that the incremental mercury intrusion volumes in all
artificial marine clays showed as a unimodal curve. Garcia-Bengochea et al. [83] proposed
the existence of bimodality between inter-aggregate pore and intra-aggregate pore in
natural fine-grained soil. However, Delage and Lefebvre [84] reported the results of
the Champlain experiment involving scanning reconstituted clay after consolidation by
electron microscopy (SEM) and performing an MIP test. They found that the consolidation
behavior resulted in the collapse of the larger inter-aggregate pore while the finer intra-
aggregate pore remained intact. The inter-aggregate pore was unmistakably seen to
have disappeared, while the size of intra-aggregate pore had remained between 466 and
718 nm in the consolidated artificial marine clay. As shown in Table 7, the diameters
of intra-aggregate pore and incremental intrusion volumes of the specimens with high
montmorillonite content (samples 8291 and 8282) were furthermore found to be lower than
those of the specimens with low montmorillonite content (samples 8255 and 8228). These
findings indicated that montmorillonite not only constituted the principal determining
factor of (intra-aggregate) pore size of the finer artificial marine clay, but also contributed
to a more uniform pore distribution within the specimens.

The MIP test results and LVESEM test results in microstructure and microporosity pro-
vided mutual confirmation. These tests result fully reflected the sediment fabric of artificial
marine clay observed from two experimental perspectives. Meanwhile, the sediment fabric
of artificial marine clay comprising various clay minerals significantly influenced their
dynamic properties. This further proved that the sediment fabric that resulted from clay
mineral composition was primarily responsible for the variations in dynamic properties,
and that the plasticity index could only be used as a reference parameter.

5. Conclusions

According to the geological conditions and mineral composition analysis results
of marine clay from two typical estuarine deltas in Guangdong Province, South China,
artificial marine clays composed of different clay mineral contents were remolded. Under
identical laboratory dynamic triaxial testing conditions, the dynamic properties of artificial
marine clays at large strain were investigated with particular consideration of the effects
of changes in montmorillonite and kaolinite content in clay minerals. Meanwhile, low-
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vacuum environmental scanning electron microscopy (LVESEM) test and mercury intrusion
porosimetry (MIP) tests were carried out on artificial marine clays to explore the sediment
fabric of microstructure and microporosity.

Based on observations from the laboratory dynamic triaxial testing results on artificial
marine clays, the dynamic properties of the specimens with high montmorillonite content
were: (a) a smoother strain increase rate and smaller maximum cyclic strain amplitude;
(b) an inhibited increase in pore water pressure including a slower cumulative increase
rate in pore water pressure, reduced residual pore water pressure, and narrower pore
water pressure amplitude; (c) a more rounded double-normalized hysteresis curve at
the failure cycle. Artificial marine clays with high montmorillonite content were found
to present very high Atterberg limits and plasticity indices, which was attributed to the
fact that strong and loose-adsorbed water (stern layer) was more easily adsorbed on clay
surfaces by montmorillonite in the plastic state. It was therefore deemed unconducive to
the development of strain caused by aggregate particles sliding and rolling and the rise of
free water-induced pore water pressure.

Accordingly, both the stiffness degradation curve and the viscous energy dissipation
ratio curve were affected by clay mineral composition. The specimens with high montmo-
rillonite content displayed greater normalized shear moduli under the same cyclic shear
strain and experienced a longer period of increased viscous energy before failure. The
breakpoint of viscous energy dissipation with high montmorillonite content occurred at
greater cyclic strain amplitude. Moreover, due to the influence of specific surface area
and isomorphous substitution, the flocculated fabric of the high montmorillonite content
specimens and the dispersed fabric of the low montmorillonite content specimens were
presented under a low-vacuum environmental scanning electron microscopy test and
mercury intrusion porosimetry test. After the same initial void ratio and effective stress
consolidation, the flocculated low porosity of the high montmorillonite specimens ensured
the opportunity for contact among aggregates under an identical cyclic strain, which pro-
vided favorable conditions to improve stiffness. Furthermore, montmorillonite minerals
were found to impede sliding and rolling between particles. This reaction is the reason for
the slow increase of viscous energy before failure and the hysteretic strain at the breakpoint
of viscous energy dissipation in high montmorillonite specimens.

It should be noted that previous research [28,66,85] primarily focused on the influence
of the plasticity index on the dynamic properties in marine clay when discussing mineral
composition. In the present authors’ view, the plasticity index should be considered as
an extension parameter based on Atterberg’s limit water content according to differing
mineral compositions. Although soil plasticity variations are reflected by strong and loose
absorbed water and are important indicators in practical engineering, they are unable
to reflect the actual component of marine clays. Recent studies [35,40] have shown that
even if cohesive soils share a similar plasticity index, their dynamic characteristics are
quite different. The results of the present study have shown that the composition of clay
mineral does indeed influence the dynamic properties of high plasticity marine clay under
large strain due to differences in microstructure and fabric. Thus, this research on clay
mineralogy may provide guidance for future engineering geology studies.
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Abstract: A new pollen analysis and major and trace element contents were conducted on a 40 m long
gravity core recovered from the Taiwan Shoal (sand ridges), south of the Taiwan Strait, beginning in
the Late Pleistocene. The changes in the pollen assemblage and concentration represent the climate
change around the Taiwan Shoal and the strength of the Zhe-Min Coastal Current, whereas variations
in major and trace element contents can imply the source of the sediments in the Taiwan Shoal, which
are correlated with the rise or fall of the sea level with increased marine dinoflagellate cysts. The
interval of 40–30 m was characterized by high pollen and spore concentrations, and evergreen Quercus
was dominant taxon, which indicates a warm sedimentary environment, and the surrounding area
of the Taiwan Shoal were covered by a tropical and subtropical broad-leaved forest. There were no
pollen and spores from 30–24 m, which indicates a strong hydrodynamic sedimentary environment,
and most of the Taiwan Shoal might have been experience subaerial exposure. The interval of
24–17 m was characterized by the reappearance of pollen and spores, as well as marine dinoflagellate
cysts and foraminifera, suggesting the climate was warm and wet in the study area and an apparent
marine sedimentary environment with relatively high sea level. Deciduous Quercus dominated the
interval of 17–12 m, which indicated that the climate was relatively cool, corresponding to the end
of Marine isotope stages3 (MIS3) to the Last Glacial Maximum accompanied by weathering and
denudation. Above 12 m, the low pollen concentration with increased marine dinoflagellate cysts
and foraminifera abundance suggested a marine sedimentary environment in the Taiwan Shoal. The
high concentrations in Pinus corresponds to Holocene high sea level.

Keywords: Late Pleistocene; major and trace elements; pollen; principal component analysis; Tai-
wan Shoal

1. Introduction

The Taiwan Strait, a waterway between Mainland China and Taiwan, is a relatively
shallow shelf sea (average 60 m in water depth) dominated by tidal currents [1]. It is
considered an important channel for material and energy resource exchange (Figure 1).
Interaction between the Kuroshio Current, South China Seawater and the Zhe-Min Coastal
Current, and strong tidal currents prompts a large amount of sediment to accumulate at the
narrows or shoals in the strait [2]. Wu [3] found that the distribution pattern of rare-earth
elements in the Taiwan Shoal is similar to that of granite in Fujian and the East China
Sea continental shelf. The foraminifera analysis of 16 cores in the western Taiwan Strait
shows that the strata of the Taiwan Strait since the late Quaternary can be divided into
five layers, and the Taiwan Strait was a neritic environment in the Last Glacial period [4].
Lan et al. [5,6] also reported that the coarse sand at ~20 ka BP in the Taiwan Shoal contained
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exotic substances, and there was no “land bridge” in the Taiwan Strait since the Late
Pleistocene. At the same time, the sea level of the Taiwan Strait had been rising since the
Holocene, reaching the modern level at 4–3 ka BP. In addition, according to Yang et al. [7],
the magnetic susceptibility of surface sediments declined from the nearshore area to the
seaward in the western Taiwan Strait, and the magnetic susceptibility was controlled by the
source of sediments and sedimentation. Dong et al. [8] discussed the history of the sea-level
change and coastline migration in southwest Taiwan during the Holocene, and the results
show that southwest Taiwan experienced marine transgression three times in the Holocene
(~6.2 ka, ~3.1 ka, and ~1.8 ka). Wang et al. [9] analyzed the stratigraphic sequence and
the paleoenvironmental development of the Taiwan Shoal based on records of the grain
size and the Accelerator Mass Spectrometry (AMS) 14C dating results. However, all the
above studies are based on one or two proxies with deficient chronological results. In
order to clarify the sedimentary environmental evolution of the Taiwan Shoal since the
Late Pleistocene, multiproxy research is considered indispensable.

Figure 1. Map of the Taiwan Shoal and location of core ZK2 and TWS1208 [9]. ZMCC: Zhe-Min
Coastal Current. SCSW: South China Sea water. KC: Kuroshio Current. Figure of vegetation zones in
tropical and subtropical China is modified from Zheng [10] and Yue et al. [11].

Pollen in marine sediments comes from the surrounding land and coastal areas,
so the surrounding vegetation is one of the basic factors that affect the distribution of
pollen assemblages in marine sediments. In order to better clarify the process of the
pollen transport from land to marine areas, many scholars have performed studies on
pollen in marine areas to provide an adequate reference for the reconstruction of the
paleoenvironment, such as in the Bohai Sea [12,13], the East China Sea [14], and the
South China Sea [15–19]. However, in other areas, several studies have shown a good
correlation between marine pollen signals and the nearby terrestrial vegetation [20–22].
However, in other areas, such as in the Gulf of Lions in southeastern France (the western
Mediterranean Sea), the relationship between pollen signals and the inland vegetation
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is not evident [23]. Jing et al. [24] studied the distribution patterns of pollen and spores
in the northwestern Taiwan Strait based on 338 surface sediment samples. The results
show that the pollen abundance is mainly affected by water depth and sediment grain
size (texture). Lan et al. [6] studied the pollen assemblages of gravity cores in the western
Taiwan Strait since the Late Pleistocene. However, the above studies have mainly analyzed
the transportation and deposition processes in the Taiwan Strait, but a few of them have
combined the paleontological records and geochemical proxies to infer the environmental
and climatic change.

Previous works have mainly been focused on the modern sedimentary process of the
Taiwan Strait, which was the junction of the East China Sea and the South China Sea. There
are few research reports on the long-term stratigraphic structure and sedimentary environ-
ment evolution of the Taiwan Strait. Despite that the Taiwan Shoal in the southern Taiwan
Strait is one of the world’s famous submarine shoals, the changes in the paleoenvironment
of the Taiwan Shoal have been scarcely studied because of discontinuous formation and
lack of precise and accurate age-depth model. In this study, we obtained a sedimentary core
ZK2 from the Taiwan Shoal area and reconstruct the paleoenvironmental evolution of the
Taiwan Shoal by palynological and geochemical analysis. The aim of research was to pro-
vide a multi-proxy reconstruction of the evolution of the sedimentary environment in the
Taiwan Shoal since the Late Pleistocene and provide scientific references for future studies.

2. Geographical Setting

The Taiwan Shoal in the southern Taiwan Strait represents one of the sedimentary
subregions [1,25], and it is the shallowest part of the Taiwan Strait. Meanwhile, as one of
the world’s famous submarine shoals, the Taiwan Shoal is the junction of the East China
Sea and the South China Sea. Furthermore, the Taiwan Shoal is adjacent to the Zhangpu
coastal area of the southern Fujian in the west and extends to the Penghu Islands in the
middle of the Taiwan Strait in the east. It measures about 250 km long from east to west,
135 km wide from north to south, and covers an area of about 13,000 km2. Moreover,
the bottom of the Taiwan Shoal is mainly sandy coarse-grained sediments [26], and it is
obviously different from the sedimentary layers of other sea areas in China. The Taiwan
Shoal, with a water depth of only 10–25 m, is an uplifted area of the Taiwan Strait, and
some geological records are missing due to the repeated transgressions and retreats [2].

The direction of the surface and bottom ocean currents shows apparent differences in
the Taiwan Shoal due to the combined effect of the South China Seawater, the Kuroshio
Current, and the Zhe-Min Coastal Current. The surface ocean current possesses the
characteristics of the wind-driven current in summer and flows northeast, whereas it flows
southward in winter under the control of the Zhe-Min Coastal Current. Meanwhile, the
bottom ocean current flows northward throughout the year. In winter, it is affected by the
extended South China Sea warm current and presents a different flow direction from the
surface current [27]. The study area, with an intense tide action, experiences an irregular
semi-diurnal tide, which is dominated by the M2 sub-tide, the average annual tidal level
is 0.46 m, the average tidal range is 2.33 m, the average annual tidal current velocity is
0.46 m/s, and the maximum can be up to 0.8 m/s [28]. The Taiwan Shoal belongs to the
southern tropical oceanic monsoon climate, with a mild and humid climate and plentiful
rainfall. The annual average air temperature is estimated as 21.2 ◦C, and the average
air temperatures of the hottest months (July–August) and the coldest months (January–
February) are estimated as 27 ◦C and 13 °C, respectively. The annual average precipitation
is estimated as 1071 mm, and the precipitation in spring and summer accounts for 61% of
the total precipitation throughout the year. The prevailing wind is mostly in the northeaster
wind direction and it is strong throughout the year. The multi-year average of windy days
is estimated as 122 days, with an annual average wind speed of 7.1 m/s, and typhoons and
storm surge activities in the study area are frequent [2].

Vegetation in the southeastern monsoon region of China belongs to tropical and
subtropical forests. The natural forest components from south to north in southern China
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are mainly rainforests, seasonal rainforests, evergreen seasonal rainforests, and evergreen
broad-leaved forests. The vegetation partition is shown in Figure 1 [10,11]. As a marine
sedimentary area, the palynology of the Taiwan Shoal comes from I (tropical seasonal
rain forest and rain forest), II-M (evergreen broadleaved forest), II-S (monsoon subtropical
evergreen broadleaved forest) [10,11,29].

3. Materials and Methods

A 40 m long gravity core, core ZK2 (23◦30′38.44” N, 117◦30′55.94” E), was collected
from the coast of the Dongshan Island, Fujian, in June 2015. The core is located in the
northwest of the Taiwan Shoal, with a water depth of 37.5 m and a column length of 40 m.
In this analysis, samples were collected at an interval of 2 m, and a total of 20 samples
were collected.

All pollen samples were dried and weighed. Then, an exotic Lycopodium-spore tablet
as a maker containing 27,637 ± 593 grains was added to each sample in order to permit
the estimation of the pollen concentration before preparation, followed by an alternative
treatment with HF (40%) and HCl (10%). For sandy samples, they are first elutriated, and
suspended solids are separated, precipitated, and then chemically treated. Subsequently,
the residue of the sample is cleaned and placed in an ultrasonic oscillator. The remaining
impurities are removed by using a 7 μm mesh sieve, and finally, pollen grains are deposited.
The pollen identification process was performed under a 400× Leica optical microscope,
and each sample counted to at least 200 grains. Fern spores, the freshwater phytoplanktonic
remains and dinoflagellate cysts were also identified on the pollen slides.

ELAN 9000 ICP-MS (PE Company, Groton, CT, USA) was used for the micro-element
determination. The operating steps were as follows: 0.0400 g of the sample was accurately
weighed and placed in a Teflon cup, 1.5 mL of HF and 0.5 mL of HNO3 were added, and
the mixture was sealed and digested to at 150 °C for 12 h and then cooled. The Teflon
cup was taken out, the product was weighed and diluted to 40 g (dilution factor was
about 1000), and then applied to the micro-element determination by using ICP-MS. The
sensitivity of the ICP-MS instrument was adjusted to 1 ng mL−1 115 In 30,000 cps. The
testing results of GBW07315 (sediment), GBW07316 (sediment), and BHVO-2 (basalt) were
found to be consistent with the recommended values. The relative errors of most element
determination results were within 5–10%.

The trace element determination was performed by using the IRIS Intrepid II XSP
ICP-OES (Thermo Electron, Waltham, MA, USA), and the steps were the same as those of
the trace element determination. The testing results of Al2O3, CaO, MnO, TiO2, GBW07315
(sediment), GBW07316 (sediment), and BHVO-2 were identical to those of the recom-
mended values. The relative errors of the testing results were smaller than 2%.

Five accelerator mass spectrometry (AMS) 14C data were measured by using the
core ZK2. The age-dating materials were benthic foraminifera and charcoal (surface).
Samples were sent to Beta Analytic, Miami, FL, USA, for completing the test. All 14C ages
were corrected into the calendar years by using the OxCal 4.4 software (available online:
https://c14.arch.ox.ac.uk/oxcal/OxCal.html (accessed on 15 October 2021)) with 95.4%
probability (High Probability Density Range Method (HPD): MARINE 20) (Table 1). The
global oceanic carbon reservoir deviation (ΔR) was 113 ± 37 an according to the data on
the northwest coast of Taiwan [30]. The 14C age at layer 36.5 m was >43,500 a BP, out of the
AMS14C dating range, so the age-dating result at layer 36.5 m was excluded.

In this study, Past, a free software [31], is used to conduct Principal component analysis
(PCA) on the contents of major and trace elements in core ZK2, in order to determine
the ecological environmental implication of the principal component axis and provide a
quantitative/semi-quantitative study of environmental indicators.
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Table 1. AMS 14C ages of core ZK2. IRMS: Isotope Ratio Mass Spectrometry.

Core Depth (m) Laboratory Code Dated Materials 14C Age (a BP) IRMS δ13C (‰)
Calibrated Age

(cal a BP)

ZK2 3.5 Beta-496141 Benthic foraminifera 3780 ± 30 −0.6 3701–3388
ZK2 7.5 Beta-496142 Benthic foraminifera 4540 ± 30 0.1 4599–4186
ZK2 17.5 Beta-496143 Benthic foraminifera 35,790 ± 280 0.3 40,410–39,304
ZK2 20.5 Beta-491937 Benthic foraminifera 35,910 ± 280 −0.5 40,494–39,383
ZK2 36.5 Beta-491938 Charcoal >43,500 −25.4 >43,500

4. Results

4.1. Palynomorph Composition and Concentration

All samples from the core ZK2 (excluding samples ZK2-25, ZK2-27 and ZK2-29) were
found to contain pollen, and 56 pollen taxa were identified (Figure A1). Fern spores,
the freshwater phytoplanktonic remains (mainly Concentricystes), and dinoflagellate cysts
(mainly Spiniferites) were also found in the core ZK2. Among them, Concentricystes is an
algal zygospore of the probable zygnematacean affinity [32]. Fossils of Concentricystes
are widely distributed in the Cenozoic of eastern China [33] and are commonly found
in the soil and black silt in the lake or river sections. Concentricystes is thus indicative of
freshwater lakes or swamps on flood plains.

Arboreal pollen dominates the pollen assemblages, in which tropical and subtropical
broad-leaved pollen taxa are the most abundant (47.34% in average), followed by the Pinus
pollen (14.54% in average). However, changes in the contents of Pinus do not provide
any climate information because Pinus communities are very common [34]. The average
content of the temperate broad-leaved pollen is 10.38%. In addition, there was a low
content of coniferous components at high altitudes and tropical and subtropical coniferous
components, with an average content of 0.33% and 2.31%, respectively. Tropical and
subtropical broad-leaved pollen taxa are dominated by evergreen Quercus with an average
percentage of 35.19%. The most abundant temperate broadleaved taxa are deciduous
Quercus, Alnus, Ulmus, and Carpinus. As compared to arboreal pollen, the contents of the
herb pollen were relatively low (24.12% on average). The most abundant terrigenous herb
taxa are Poaceae, Cyperaceae, Chenopodiaceae, and Artemisia, whereas the aquatic herb
(mainly Typha) appears occasionally.

High concentrations of pollen were mainly observed in depth ranges of 22.5–12.5 m
and 38.4–32.4 m; especially they were higher between the depths of 12.5 and 22.5 m. In
addition, marine dinoflagellate cysts and the freshwater phytoplanktonic remains were
mainly observed above the depth of ~22.5 m.

Palynomorph assemblages recovered from the Taiwan Shoal can be divided into the
following three general groups (Figure 2):

4.1.1. Zone I: (40–30 m)

High pollen concentrations (9530 grains/g on average) between samples in this zone
indicate a stable sedimentary environment in the Taiwan Shoal. In the pollen assemblage,
evergreen Quercus was absolutely dominant, with an average content of 55.40%, and
other tropical and subtropical broad-leaved forests were found sporadically. Pinus is
the second dominant component, with an average content of 16.54%. However, high-
altitude coniferous forest, tropical and subtropical coniferous forest, temperate components,
herbs and fern spores were all found sporadically in this zone. In addition, no marine
dinoflagellate cysts were found in this zone.
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Figure 2. Pollen concentration diagram of core ZK2, and figure of sediment composition is modified from Zhao et al. [2].

4.1.2. Zone II (24.5–12.5 m)

The pollen concentration was also relatively high but lower than that in zone I. Ever-
green Quercus also dominated the pollen assemblage, with the average content as high as
that in zone I, reaching 52.34%. Another tropical and subtropical broad-leaved tree taxon
Altingiaceae was obviously increased in this zone. The content of temperate broad-leaved
pollen increased remarkably as compared to that in zone I, and the main component was
deciduous Quercus, with an average content of 17.57%. The content of Pinus shows an
obvious decrease (1.75% on average). The content of terrestrial herbs shows a clear increase
relative to that in zone I (19.05% on average), where the main components were Cyperaceae
(7.06%) and Poaceae (6.36%). The aquatic herbs in this zone were more abundant than
those in zone I. The contents of high-altitude conifers, tropical and subtropical conifers,
and fern spores were also found occasionally. However, the concentration of the freshwater
phytoplanktonic remains was high in this zone, and marine dinoflagellate cysts were
found sporadically.

4.1.3. Zone III (12.5–0 m)

The pollen concentrations in this zone were much lower than those in zones I and
II. The content of the most abundant tropical and subtropical broad-leaved pollen taxa
evergreen Quercus decreased remarkably, with an average content of 12.86%. However,
the contents of the other tropical and subtropical broad-leaved pollen taxon increased as
compared to those in zones I and II, especially the content of Myricaceae. The concentration
of Pinus was much higher than that in zone II, with an average content of 25.66%. The
content of temperate broad-leaved pollen was lower than those in zones I and II, with
an average content of 4.45%. The contents of terrestrial herbs, mainly Poaceae (12.66%),
Cyperaceae (8.32%), and Artemisia (9.76%), were higher than those in zones I and II, with an
average content of 35.87%. The content of fern spores was 27.31%, which was also higher
than those in zones I and II. The concentration of the freshwater phytoplanktonic remains
was much lower than that in zone II, whereas the concentrations of marine dinoflagellate
cysts were slightly lower than that in zone II.
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4.2. Major and Trace Element Contents

The vertical variations of major element contents in the core ZK2 are shown in Figure 3.
The average content of oxides of major elements was found in the following order: SiO2
> Al2O3 >CaO > TiO2 > MnO. Among them, SiO2 was the most abundant composition,
ranging from 61.04% to 89.11% (74.24% on average). Al2O3 ranged between 2.55% and
16.77% (10.08% on average). The content of CaO was observed between 0.1% and 3.02%
(0.9% on average). The variation range of TiO2 was between 0.09% and 0.96% (0.57% on
average). The MnO content was between 0.02% and 0.19% (0.05% on average).

Figure 3. Changes in major element contents of core ZK2.

Figure 4 shows the variability of trace element contents in the core ZK2 since the Late
Pleistocene. The contents of Ba were high, and most depths were above 200 mg/kg, with an
average content of 342.9 mg/kg. The contents of Rb, Sr, Cu, Ni, and V were relatively low,
with the average contents of 96.2, 85.8, 13.2, 23.1, and 62.8 mg/kg, respectively. The variation
characteristics of trace elements were found generally consistent, indicating a gradually
increasing trend at a depth of 40–20 m, followed by a reduction above the depth of ~20 m.

Figure 4. Changes in trace element contents of core ZK2.
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4.3. Principal Componenet Analysis

Principal component analysis was carried out in order to clarify the environmental
implications of major and trace elements in core ZK2, and the scores of each element on
the PCA axes (axis 1 and axis 2) are shown in Figure 5. The principal component loading
diagram (Figure 5) shows the relationship between different elements, where each vector
axis represents each element, and the horizontal and vertical axes (axis 1 and 2) represent
the most important principal components. The length of the vector axis is proportional to
the content of the element it represents. The angle between each vector and the coordinate
axis represents the correlation between elements and between elements and each principal
component. When the included angle is 90◦, it indicates that there is no obvious correlation
between the two elements. Less than or greater than 90◦ indicates that the two elements are
positively or negatively correlated, and the quantitative relationship between the elements
and environmental variables is obtained by its projection on the principal component axis.

Figure 5. Principal component analysis (PCA) of major and trace elements scatter diagram.

The cumulative contribution rates of the first and second principal components to the
total variance of all elements accounted for 87.36%, with 69.44% of axis 1 and 17.91% of
axis 2, respectively. The contribution rates of other principal components are relatively
low. This shows that the first and second principal components can explain most of the
environment information contained in major and trace elements.

In the scatter diagram of axis 1 against axis 2, axis 1 is positively correlated with Al2O3,
TiO2, MnO, Cu, Rb, Ni, V, and Ba, but negatively correlated to SiO2 (Figure 5). Changes in
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the contents of SiO2 were negatively correlated with the other elements, and the content
of SiO2 was generally proportional to the sediments with large grain sizes, whereas other
elements were proportional to the finer sediments [35]. MnO and Al2O3 are elements
with relatively stable geochemical properties under the supergene condition, and they are
mainly found in terrigenous debris and clay minerals. TiO2 is believed to be derived from
terrestrial debris [36–39]. Generally, the alkali earth element Ba in marine sediments is
often associated with autogenous effects, such as biological productivity [39–41], and Cu
is considered an essential element for phytoplankton [42,43]. Therefore, axis 1 may be
associated with the input of terrigenous materials or primary productivity and authigenic
deposition. Axis 2 is positively correlated to CaO and Sr (Figure 5), which are closely related
to the action of marine organisms [42,44]. CaO is considered an important constituent of
biological carbonate, and Sr transforms into carbonate shells and bones after it is absorbed
by organisms. Therefore, it was concluded that axis 2 could be represented by marine
biogenic matters.

5. Discussion

The pollen record of the core ZK2 indicated that arboreal pollen dominated the
Late Pleistocene, which was possibly carried by the Zhe-Min Coastal Current and the
surrounding rivers near the study area [6,24]. The core ZK2 can be divided into the
following five deposition units according to the comprehensive analysis of pollen and
major and trace element results (Figure 6).

Figure 6. Mean grain size, major and trace elements and pollen and foraminifera concentrations of core ZK2 compared with
the stratigraphic of core TWS1208 [9]. Figure of the mean grain size and TWS1208 is modified from Zhao et al. [2] and Wang
et al. [9], respectively.

In phase U1 (40–30 m), pollen and spore concentrations were high, which indicates an
almost unchanged terrestrial sedimentary environment. The high abundance of evergreen
Quercus in this phase indicated that the surrounding area was covered by a tropical and
subtropical broad-leaved forest (Figure 2). This is consistent with a pollen record in the
Minjiang River estuary, where the pollen species of the Late Pleistocene strata are mainly
Pinus, Cupressaceae, Quercus and Polypodiaceae [45]. Lan et al. [6] studied the pollen
assemblages of gravity cores in the western Taiwan Strait since the Late Pleistocene, which
reveals a Quercus, Pinus–Polypodiaceae assemblage during the MIS 3. The vegetation
evolution study of Fuzhou Basin shows that the primary and mixed forests with deciduous
and evergreen elements covered the mountainous areas with relatively warm and humid
climate in MIS3 period, which is also consistent with the pollen record of this study [11].
In addition, no marine dinoflagellate cysts and foraminifera [2] were found in this phase
(Figure 6), accompanied by a very low content of the representative marine sedimentary
element CaO (Figure 3), which suggest no marine influence in the Taiwan Shoal. The low
sample score on axis 2 also suggests a lack of the marine biogenic matter source. In this
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phase, the high chemical index of illite indicated that chemical weathering was strong
and the contents of unstable minerals epidote and hornblende also shows the near-source
characteristics [2]. Therefore, we can conclude that the Taiwan Shoal might have been a
terrigenous sedimentary environment in this phase, corresponding to the stratigraphic D
layer of the late Quaternary in the western Taiwan Strait [46].

There was a disappearance of pollen and spores, as well as marine dinoflagellate
cysts and foraminifera [2] in phase U2 (30–24 m). It has been reported that once pollen
and spores are deposited into water, they behave similarly to small sediment particles
of clay and fine silt [13]. This observation suggests that the sedimentation of pollen and
spores in marine waters is controlled by mechanisms similar to those that control the
sedimentation of clay and fine silt [20]. Strong boundary currents or coastal currents have
a considerable impact on pollen sediment [47]. Phase U2 with coarse particle size (Figure 6)
without pollen is deposited because of the strong hydrodynamic suspension and screening
for sediments and pollen. A slight increase in sample score on axis 1, accompanied by a
slight decrease in sample score on axis 2, suggested that the source of sediments in the
Taiwan Shoal area fluctuated slightly during this period. Most intense chemical weathering
results in a preponderance of aluminous clay minerals, and physical weathering leads to
silicate enrichment [48,49]. Therefore, a slight increase in Al2O3 and TiO2 as compared to a
decrease in SiO2 in this phase would imply the enhanced chemical weathering under warm
and humid weather [50]. In addition, according to Zou et al. [51] and Liang et al. [52], the
elements Ni and V can be easily accumulated under a reducing environment and positively
correlated to fine-grained sediments. The contents of CaO and Sr, as well as sample score
on axis 2, showed little change in this phase (Figures 3, 4 and 6), which implies no marine
influence in the Taiwan Shoal area.

The reappearance of pollen and spores, including evergreen Quercus in phase U3
(24–17 m) implied a warm and wet conditions, and the study area was covered by the
tropical and subtropical broad-leaved forest, corresponding to the sedimentary unit DU4
(Coastal-intertidal deposits) of the core TWS1208 in the western Taiwan Shoal [9]. The
pollen record of the Pingnan County, Fujian Province of southern China, also indicates
that Fujian was covered by a mixed forest containing both subtropical evergreen and
temperate deciduous broad-leaved trees prior to the Last Glacial Maximum [11], supporting
the appearance of evergreen Quercus at this stage in the Taiwan Shoal area. Marine
dinoflagellate cysts and foraminifera appeared with an abrupt increasing trend, suggesting
an enhanced marine influence in the study area, corresponding to the stratigraphic C layer
of the late Quaternary in western Taiwan Strait [46]. The contents of Al2O3, MnO, TiO2
and Rb were low, indicating a slight reduction in the input of terrigenous debris at that
time (Figures 3 and 4). In contrast, the contents of CaO and Sr reached their peak values,
which indicates an enhanced marine influence in the 24–18 m interval. The sample score
on axis 1 was stable, whereas the sample score on axis 2 increased abruptly and reached
the maximum in this phase, which suggests a remarkable increase in the marine influence
in the Taiwan Shoal. Furthermore, a pollen record along the Fujian seashore shows a
subtropical evergreen broad-leaved forest during that period, which represents the warm
and humid climate [46]. Since the age control of 20.5 m was 40 cal ka BP, the 24–18 m
interval possibly corresponds to the MIS 3 [53], and the Taiwan Shoal appeared in a subtidal
environment during that period. The mean grain size fluctuated greatly during the 24–18 m
interval [2] (Figure 6), which suggests an unstable depositional environment in the Taiwan
Shoal. Previous studies from the coastal areas of Fujian also recorded the last transgression
of the Late Pleistocene at 44–22 cal ka BP [53–55]. Coincidentally, the Chao-shan Plain has
also recorded sea level rise, indicated by marine microfossils such as diatoms, foraminifera,
and mangroves representing the coastal environment [56]. Therefore, the Taiwan Shoal
was a coastal environment in phase U3 and herbs deposited in this area were carried by
nearby rivers [57].

In phase U4 (17–12 m), deciduous Quercus concentrations increased gradually, reach-
ing the maximum at a depth of 15 m. This indicated a relatively cold and dry condition
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in the Taiwan Shoal, which would have allowed the temperate deciduous taxa to expand.
The pollen record in Fujian also suggests that a deciduous forest prevailed during this
period [11], and there was a Pinus–Polygonaceae–Pteridium assemblage in the western Tai-
wan Strait during the MIS 2 [6]. There were no marine dinoflagellate cysts and foraminifera
found in this phase [2], whereas the freshwater phytoplanktonic remains were relatively
abundant, which implies that the Taiwan Shoal was a fresh water environment between
15 and 12 m, possibly corresponding to the terrestrial deposit in the MIS 2 [2] and the
sedimentary unit DU3 (Valley filling deposit) of the core TWS1208 in the western Taiwan
Shoal [9]. In addition, an increase in the content of SiO2 in this phase (Figure 3) indicated
a high physical weathering degree, whereas a low content of Al2O3 indicated a weak
chemical weathering degree (Figure 3). According to the analysis of clay minerals, the
increase in contents of unstable minerals epidote and hornblende indicates that the distance
of sediment transport was closer, suggesting a continental sedimentary environment at
the end of MIS3 or the beginning of the LGM [2]. Furthermore, low contents of CaO and
Sr (Figures 3 and 4), as well as obviously declined sample score on axis 2, suggest little
marine influence in this phase. Although the age of the top of phase U4 is unable to be
examined accurately, clay minerals records show that the top of phase U4 was characterized
by relative higher contents of illite and lower content of kaolinite than that in the modern,
suggesting a close distance of sediment transport and strong physical weathering [2]. The
reflected seismic data of the nearby core TWS1208 show the unit DU3 was exposed and
subjected to intense weathering erosion [9]. In addition, the LGM strata with strong weath-
ering and denudation also occurred in Chao-shan Plain, southwest of the study area [56].
Consequently, a long time interval between the two 14C dating points on the upper part of
the core may be contributed to the strong weathering and denudation between U4 and U5
(Figure 2).

Pollen and spore concentrations declined dramatically in phase U5 until they were
absent in the upper part of the core, whereas the pollen record shows a mixed South sub-
tropical evergreen coniferous-broad-leaved forest along the Fujian seashore [46]. The grain
size of ZK2 analysis shows that this phase mainly consists of medium-coarse sands and
gravelly medium-coarse sands [2] (Figure 2). Previous studies showed that the sediment
environment with larger grain size was not conducive to the deposition of palynology;
pollen is scarce in coarse clastics and abundant in marine sediments composed primarily
of fine silt and clay-size particles [20]. In addition, ZMCC as a strong boundary current
of the area is also one of the main reasons for the decrease of palynology concentration
because the strong hydrodynamic environment is not conducive to the deposition of paly-
nology [13]. However, the content of Pinus was 19.6–42.7% in phase U5, which is much
higher than that in U4 (2–3.7%) (Figure 2). Previous studies have shown that Pinus can
be used as an indicator of sea level changes during the glacial-interglacial period, and the
proportion of Pinus will increase as the increase of the distance from the shore because of
its airbags, which facilitate the propagation of wind [18]. Therefore, the increase in Pinus at
this phase is probably related to the sea level rise. The offshore distance of the study area
increased, and the amount of terrestrial pollen brought by land runoff decreased greatly,
while the proportion of airborne pollen (Pinus) increased.

Relatively high abundance of marine dinoflagellate cysts, foraminifera [2], as well as
the contents of CaO and Sr (Figures 3 and 4) all exhibited an increasing trend in the 10.5–0 m
interval, which suggests an increased marine influence on the study area. According to
the dating control points, phase U5 corresponded to the Holocene. Increased sample score
on axis 2 also indicates the enhanced marine influence or sea level rise (Figure 6). All the
relative sea level reconstructions from Longhai Plain, Fuzhou Basin and Singapore show
sea level rise at about 9 cal ka BP, with a minimum sea-level rise of 14.5 m between 9 and
7.3 cal ka BP in the Fuzhou Basin and about 17 m rise in sea level from 9.5 to 7 cal ka BP
in Singapore [58–61], supporting the relatively high sea level in the Taiwan Shoal inferred
by pollen and elements data in this study. Therefore, we deduced that the study area was
below the sea level during phase U5, corresponding to the Holocene high sea-level stage.
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This phase also corresponded to the sedimentary unit DU2 (transgressive sand body) and
DU1 (modern tidal current sand body) of the core TWS1208 in the western Taiwan Shoal,
which may be affected by strong tidal currents during the Holocene [9].

6. Conclusions

(1) The pollen record of the core ZK2 shows that arboreal pollen dominated since
the Late Pleistocene, among them tropical and subtropical broadleaved pollen were the
dominant taxa, accompanied with relatively low abundance of temperate broadleaved
pollen. This implies that the Taiwan Shoal area has always had a subtropical climate.

(2) The principal component analysis (PCA) of the major and trace elements in the
core ZK2 shows that changes in sample score on axis 1 are possibly associated with the
input of terrigenous debris carried by the southward Zhe-Min Coastal Current and sample
score on axis 2 could be indicated by marine biogenic matters in the Taiwan Shoal area.

(3) Five evolution phases of the sedimentary environment in the Taiwan Shoal area
are divided on the basis of the analysis of pollen and major and trace element results with
the combination of the AMS 14C dating results. Phase U1 (40–30 m) possibly corresponded
to a terrestrial sedimentary environment. Phase U2 (30–24 m) was a transition between
terrestrial and marine sedimentary environments, and coarser grain size and strong hy-
drodynamics sedimentary environment are not conducive to pollen preservation. Phase
U3 (24–17 m) was a transgression period with a coastal-intertidal deposits sedimentary
environment. Phase U4 (17–12 m) was a terrestrial and marine alternative phase and the
land was exposed in the Last Glacial Maximum, with large sea-level fluctuations. Phase
U5 (12–0 m) appeared under a marine sedimentary environment, with the sea level rising
to the modern level.
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Appendix A

Figure A1. 1: Pinus; 2: Taxodiaceae; 3: Cupressaceae; 4: Tsuga; 5: Deciduous Quercus; 6: Myriccaceae;
7: Aluns; 8: Ulmus; 9: Evergreen Quercus; 10: Altingiaceae; 11: Fagus; 12: Moraceae; 13: Carpinus;
14: Oleaceae; 15: Pterocarya; 16: Eurya; 17: Rutaceae; 18: Artemisia; 19: Chenopodiaceae; 20: Poaceae;
21: Cyperaceae; 22: Compositae; 23: Typha; 24: Myriophyllum spicatum.
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Abstract: Hybrid event beds represent the combined effect of multiple geological processes, which
result in complex depositional geometries and distinct facies distribution in marine environments.
Previous work on hybrid event beds highlights the classification, origin, and types of hybrid facies.
However, in the present study, we discuss the development of hybrid event beds in submarine lobes
with an emphasis on the analysis of proximal to distal, frontal to lateral relationships and evolution
during lobe progradation. Detailed geological fieldwork was carried out in the classical deep-marine
Late Paleogene Crocker Fan to understand the relationship between the character of hybrid bed facies
and lobe architecture. The results indicate that hybrid facies of massive or structureless sandstone
with mud clasts, clean to muddy sand, and chaotic muddy sand with oversized sand patch alter-
nations (H1–H3) are well developed in proximal to medial lobes, while distal lobes mainly contain
parallel to cross-laminated clean to muddy hybrid facies (H3–H5). Furthermore, lateral lobes have
less vertical thickness of hybrid beds than frontal lobes. The development of hybrid beds takes place
in the lower part of the thickening upward sequence of lobe progradation, while lobe retrogradation
contains hybrid facies intervals in the upper part of stratigraphy. Hence, the development of hybrid
beds in submarine lobe systems has a significant impact on the characterization of heterogeneities in
deep-marine petroleum reservoirs at sub-seismic levels.

Keywords: facies heterogeneity; hybrid event beds; lobe architecture; north-west Borneo; sedimentological
characterization; submarine siliciclastic deposition; West Crocker Formation

1. Introduction

Submarine gravity flows are one of the key sedimentary processes responsible for
sediment transport, in which a single submarine flow may result in an enormous volume
of rock deposition. These sedimentary successions can develop some of the thickest and
largest rock accumulations on the planet [1–6]. These density flow deposits have significant
petroleum potential and provide valuable information on ancient submarine geological
processes in deep-marine environments. The understanding of hybrid bed facies deposited
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by density flows and their heterogeneities is vital for oil and gas potential, especially in
submarine siliciclastic deposition [7–9]. A subaqueous gravity flow carrying sediments
may consist of various types of flow mechanisms and the transformation of flow may occur
while moving downslope under the action of gravity [10]. The characterization of flow is
based on the detailed observations of ancient sediment gravity flow deposits, whereby the
basinward variations enhance the probabilities of flow transformation [11–13], resulting in
composite beds having abrupt textural breaks [14].

Deep-water depositional systems may contain a combination of sediment gravity
flows in a single event termed variably by a number of researchers as bipartite–tripartite
deposits [15], linked debrites [16], co-genetic debrite–turbidite (CGDT) beds [17], hybrid
event beds HEBs [18], hybrid sediment gravity flow deposits [19], intermediate strength
cohesive debris flow deposits [20], transitional flow deposits [21], matrix rich sands [22],
sand–mud couplet [23], or hybridite [24]. These hybrid event beds can be recognized on a
variable scale (cm to m) in core samples as well as in outcrops [23].

The relative proportion of siliciclastic sediments (grain size and type of sediments)
and change in concentration of transporting material in flow determines the evolution
of sediment gravity flow processes [25–28]. In addition to this, the fluid turbulence and
shear rate significantly influence the flow behavior [12]. A hybrid event bed is considered a
type of sediment gravity flow deposit that results from a blend of multiple flow processes
including debris flow, turbidity flow, and transitional flows in a single depositional event
and generally consisting of basal clean sand followed by muddy sand facies [29–31]. Hybrid
event beds are thought to be frequently associated with medial and lateral fringe lobe
systems and are further related with prograding lobe settings [16,19,21,32,33] as well as
aggradation in basin-plain settings [34]. Hybrid beds are developed when the deceleration
of a mud-dominated, highly concentrated sediment flow dispels its energy in medial and
distal submarine areas [1,32,35,36].

Recent works on deep-water systems integrate the depositional character of hybrid
event beds with the development of lobe systems during the flow transformation in la-
custrine and deep-marine basins of Italy [30,34,37,38], the United Kingdom [39], South
Africa [40,41], Norway [12], South America [11], Canada [22], Eastern China [36], and
Sarawak, Malaysia [42]. In general, these hybrid event beds are present at discrete strati-
graphic intervals of lobe systems in a submarine fan environment [38]. Likewise, these
alternate clean and muddy sand intervals have considerable impacts on the reservoir char-
acterization and the subsequently, the hydrocarbon production potential of sandy reservoir
units [11,30,43–45]. Therefore, it is necessary to understand the effect of flow transformation
in stratigraphic records of submarine lobes that will substantially influence the reservoir
prediction and limit the uncertainties in the stratigraphic data [23,35,40,43,44]. The present
work emphasizes a huge variety of flow transformation where the hybrid event beds are
developed in numerous components of lobe system with irregular sedimentary facies.

Hybrid event beds are commonly present in deep-marine environments, especially
in submarine lobe systems, and are also termed as linked debrites having an increase in
mud content [46]. However, the maximum vertical thickness of individual lobes mainly
depends on the origin of sediments, as channelized lobes normally have less vertical
thickness than the non-channelized lobes [47]. The base topography of a basin causes the
transformation of flow and controls the development of linked debrites in a deep-marine
environment [34,46,48]. The development of hybrid event beds in various components of
lobes is vital for understanding the paleogeographic reconstruction of submarine fans in
deep-water systems and will reduce the ambiguities in the hydrocarbon reservoir potential
of deep-marine sandstone intervals [49,50].

The aim of the present study is to associate the various types of hybrid event beds
with the characterization of submarine lobes. The key objectives of this work include:
(i) the evaluation of hybrid event beds based on submarine lobe processes; (ii) the analysis
of spatial distribution of hybrid beds facies with lithological characteristics in several
components of lobes; and (iii) to propose a generalized facies model for hybrid event beds
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for submarine lobes of deep-marine fan systems. Seventeen outcrop sections were selected
from the study area that are fresh and recently exposed sections due to infrastructural
development of Pan-Borneo Highway (Table 1).

Table 1. Selected locations of onshore Sabah. Hybrid event beds are not commonly present throughout all outcrops. A
summary of each section is presented in the table below.

No. Abbreviation Location Name Region Hybrid Beds Distribution

1 SUL Jalan Sulaman

NW Sabah

Lateral lobe with complete hybrid facies

2 LPS Lapasan Distal lobe with all hybrid facies except H2Frontal
lobe with mainly H1 and H3 hybrid facies

3 PQ Perwira Quarry No hybrid beds, sandstones, and shale beds

4 UU University Utama, Telipok No hybrid facies, mainly massive sandstones

5 SP Sepangger port bypass Frontal lobes with H1 and H3 hybrid facies mainly

6 UP University Prima Condo

W Sabah

Lobe progradation with hybrid beds

7 JK Jalan UMS behind the KFC Medial lobes with complete set of hybrid faciesLobe
retrogradation with hybrid beds

8 JU Jalan UMS roadside Proximal lobe with hybrid beds H1, H2, and
H5Lateral lobe with H1, H3, and H5 hybrid facies

9 JBN Jalan Bantayan No hybrid beds sandstone and shale intervals

10 KM Kampung Madpai No hybrid beds, mainly massive sandstones

11 SUK Kampung Sukang No hybrid beds, thick to massive sandstone

12 JLK Jalan Lok Kawi Pengalat

SW Sabah

No hybrid beds, massive sandstones

13 MK Kampung Mook No hybrid beds, massive sandstones, and shales

14 LKW Lok Kawi wildlife Distal lobe with hybrid facies H1, H3, and H5

15 KW Kampung Kawang No hybrid beds, mainly massive shale intervals

16 PUR Kampung Purak No hybrid beds, mainly turbidites only

17 BQ Benoni Quarry No hybrid beds, only debrites and turbidites

2. Geological Settings

Borneo exhibits complex geological history, particularly during the Tertiary Period
when thousands of meters-thick deep-marine sedimentary successions were deposited
in an active tectonic regime [51–56]. Active tectonic subduction in Borneo resulted in
the closure of paleo-basins and development of ophiolite rocks [57,58]. During the Late
Cretaceous, the island arc and tectonic fragments collided with the continental part of the
Sunda Plate, forming the depocenter named Sabah Basin that now represents the northern
part of Borneo [52,59,60]. Thus, NW Borneo is located at the complex geological junction of
the South China Sea, the Sunda Shelf, the Java Sea, and the Celebes Sea (Figure 1), where
convergent tectonic settings resulted in the Sabah orogenic belt exposing the Tertiary deep-
water sediments [46,53,61–64]. The NW Sabah Basin mainly consists of the Crocker range
or Crocker fold–thrust belt that developed due to the collision of continental plates [65–67].

Tertiary stratigraphy of the Sabah Basin is mainly distributed in two phases, where
the first phase of tectonic and sedimentary processes comprised the deposition of the Early
Paleogene (Paleocene to Eocene) deep-water sediments of Trusmadi and East Crocker
formations. The first phase of deposition was followed by uplifting, erosion, and an
unconformable surface termed the Late Eocene Unconformity (LEU). Later, the second
Late Paleogene (Late Eocene to Early Miocene) phase was overlain by an unconformity
resulting in the deposition of the West Crocker and Temburong formations [62,68]. The
upper contact of the West Crocker Formation is marked by the Top Crocker Unconformity
(TCU) or the Base Miocene Unconformity (BMU) (Figure 1). The West Crocker Formation
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is representative of a deep-marine fan system [46,57,62] that mainly comprises thick to
massive sandstone, interbedded with siltstone and mudstone, interpreted as various
components of submarine lobe systems [46,69].

Figure 1. Study area in Sabah, NW Borneo. (a) Map of Borneo with surrounding archipelagos
with stratigraphic record in the legend outlined with black rectangle showing the study location
of Sabah. (b) Study area with various regions in Sabah selected for the fieldwork, where locations
1–5 are around Telipok (NW Sabah), locations 6–11 around the Kota Kinabalu (West Sabah), and
12–17 around Papar Town (SW Sabah). (c) Stratigraphic position of the sand-rich West Crocker Fan
majorly related to the Oligocene age and bound by the Late Eocene Unconformity (LEU) at the base
while the upper contact is marked by the Base Miocene Unconformity (BMU).

Previous literature on the Crocker Fan reported that the deep-marine sediments origi-
nated from local nearby sources and did not involve long-distance transport. Therefore,
these sediments are texturally immature and contain angular to subangular fragments
originating from recycled orogen [51,69,70]. The texture of sediments is not diverse; how-
ever, they contain a wide variety of deep-marine sedimentary successions including mass
transport deposits, debrites, high-density turbidites, and low-density turbidites interpreted
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to be the parts of outer, middle, and inner fan environments [46,47,66,69–71]. The origin
of linked debrites and co-genetic turbidite–debrite intervals was discussed in the West
Crocker Formation with respect to their sedimentological and stratigraphic framework and
the spatial distribution of these intervals in the Sabah Basin [46,47]. However, this study
reveals the development of hybrid event bed facies with various distributive components
of submarine lobe system. The outcrops containing these hybrid event beds are part of the
Crocker fold–thrust belt that formed due to convergent tectonic regimes. These rocks were
initially deposited in a deep-marine basin with a water depth of more than 2000 m and
later exposed to the surface by uplifting and erosional processes [72,73].

3. Materials and Methods

The present work includes detailed geological fieldwork in onshore Sabah to observe
the characteristics of hybrid event beds in submarine lobe systems. It is pertinent to
mention that these hybrid event beds are not present in every outcrop. Therefore, some
key sections of outcrops were selected to understand the facies of hybrid event beds in
deep-marine sediments.

3.1. Data and Fieldwork

The present work involved detailed geological fieldwork in seventeen locations having
more than 1100 m of stratigraphic thickness exposed from NW (Telipok) to SW (Papar)
Sabah, NW Borneo (Figure 1), to find excellent examples of outcrops. As most hybrid
event beds are vertically extensive but laterally limited in stratigraphic records, they are
not expressed in every exposed section (Figure 2) of deep-marine sedimentary successions.
Hence, these hybrid event beds are exposed only in a limited number of locations exposed
to sedimentary successions. The selected outcrops range in vertical thicknesses from 31 to
192 m and are present over 61.2 km length of transect.

Figure 2. (a) Deep-marine sediments contain various types of deposits as we move stratigraphically
from base to top of an exposed section in the Benoni Quarry (BQ), SW Sabah. It is possible to find
muddy debrite in between two turbidite sandstone units. (b) An enlarged image of the contact of
turbidites and debrite with lack of transformation of flow and, consequently, no expression of hybrid
event intervals in this stratigraphic record.

This extensive field study enabled us to compare various types of hybrid facies in
deep-marine sedimentary successions. Sedimentary logs supported the discussion to
illustrate the development of hybrid event beds in a lobe system and its stratigraphic
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framework. Bed-scale heterogeneities in gravity-flow deposits were analyzed, with em-
phasis on boundary surfaces of individual beds, variation in grain size, and lithological
characteristics. Systematic variations in hybrid units bound by stratigraphic intervals were
used to determine the flow characterization in submarine lobe deposits.

3.2. Hybrid Bed Facies

Hybrid event beds are classified into five major divisions or facies on the basis of
sedimentary features present in each division from base to top and termed as H1 to H5
facies [19] as shown in Figure 3. The base of hybrid event bed succession is massive
sandstone occasionally containing dewatering structures at the base and floating mud
clasts in the upper part of interval, termed as hybrid event bed facies 1 (H1). This division
is overlain by a sandy unit with alternating lighter and darker bands developed due to
clean and muddy sand deposition, representing hybrid event bed facies 2 (H2). The third
hybrid event bed division is a chaotic muddy sand containing abundant mud clasts while
some of the sand patches are outsized particles, collectively denoted H3 facies. A fine sand
division comprising parallel or cross laminations is termed hybrid event bed facies 4 (H4).
The final depositional unit in the hybrid event bed sequence is a muddy massive unit called
hybrid event bed facies 5 or H5 facies.

Figure 3. A simple hybrid event bed facies model proposed by Haughton et al. [19], showing five
hybrid bed facies or divisions from base H1 to top H5. The basal H1 facies comprises massive sand
with dewatering and broken mud clasts, the H2 hybrid event bed facies consists of alternate lighter
and darker banded sandstone, H3 has muddy sand with chaotic features both of sand clasts and
mud clasts, the H4 facies is formed with fine sand with parallel and cross laminations, and the H5
facies is linked with massive mudstone or shale.

These five hybrid event bed facies vary in scale from a few centimeters to about
10 m in vertical thickness and hence, they can be equally studied in cores as well as in
outcrop sections. Moreover, it is quite possible that among these five divisions, one of these
divisions only is expressed in less than 10 cm while other hybrid event bed facies may
have more than a meter thickness at the same location. However, all these divisions are not
necessarily present in every hybrid event bed. In fact, the presence of all five facies in a
single hybrid event is relatively uncommon.

3.3. Lobe Architecture

The hierarchy of the lobe system was adopted from Prélat et al. [74] in which the
lithological bed or bedset collectively form the lobe element, which is the basic building
unit for lobe hierarchy (Figure 4). The beds or bedsets vary in cm to m scale that accurately
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integrate with the scale of hybrid event bed [33,75]. Therefore, the distribution of hybrid
event bed facies at outcrop level represents the lobe element [39,76]. Several lobe elements
combine to form an individual lobe at a vertical scale of 5–10 m, which is considered the
maximum thickness of a hybrid event bed, and these lobes are grouped together in a single
lobe complex, and further lobe complexes combine to form a lobe complex set or lobe
complex system [27,77,78].

Figure 4. A sketch showing various components of a lobe system from proximal to distal zones.
(a) Each lobe has the smallest units of bed or bedset which merge into lobe element (LE). Many
lobe elements combine to form an individual lobe (L). These lobes are further stacked into a lobe
complex [45,79]. (b) Lobe hierarchy starting from beds or bedset following to form a lobe. The lobe
element is the basic building block of a lobe system while the lobe complex set or lobe complex
system is the largest entity in lobe hierarchy.

However, our study has not found the hybrid event bed reaching 10 m on an individual
lobe scale. Hence, hybrid event bed divisions are commonly associated with the lobe
element and are frequently related with the components of an individual lobe [45]. The
occurrence of hybrid beds in a lobe system is common during the transformation of flow
from a higher flow regime to a lower flow regime and because of that, these hybrid facies
are well-developed in medial lobe settings [18,41]. The dimensions of a lobe in lateral
across strike depends on the confined zones in a basin and topographic fluctuations, where
confined settings have limited deposition of hybrid beds [12,33,79].

4. Results and Interpretations

4.1. Hybrid Bed Facies in Proximal to Distal Lobes
4.1.1. Proximal Lobes

Proximal lobes having hybrid facies (2–3 m vertical thickness) comprising thick to
massive sand vary in grain size from coarse to fine-grained, usually exhibit poor sorting,
and may contain water-escape structures (H1 facies). The basal division is clean sand
frequently overlain by floating mud clast intervals within massive sand divisions. This
massive sand constitutes a considerable part of the base of a hybrid event bed and is often
overlain by banded sand and sandy mud deposition (H2 facies) (Figure 5).
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Figure 5. The development of hybrid event bed facies in proximal lobe system. (a) An expression of
a sandy hybrid event bed (H1 and H2) from the base to the top of a sedimentary unit in the Jalan
UMS (JU) section, West Sabah, at multimeter scale where the yellow dashed line indicates the facies
boundary between H1 and H2. (b) An enlarged image of the H2 hybrid event bed facies containing
lighter and darker sand intervals (yellow dashed lines representing the boundary of light and dark
bands) with a floating mud clast (labelled in yellow oval-shaped dashed lines) that is relatively
uncommon in H2 facies and was not reported previously.

This banded facies develops due to progressive evolution of flow from fluidized
to plastic due to reduced turbulency and more cohesion in flow behavior [80]. These
hybrid event beds usually occur in axial or proximal lobe settings [38,42] when the flow
transformation takes place. Wedge-shaped bed geometries and clastic muddy injections
may also occur in chaotic division [32] or in linked debrites, which are mainly related with
proximal lobe settings in rock sections of our study area.

4.1.2. Medial Lobes

Medial lobes are ideal avenue for the development of hybrid facies when a sand-rich
system is gradually increased in mud content during the phase of deposition. Hence, a
complete sequence of hybrid bed facies (H1 to H5) is likely to develop in the medial lobe
system (Figure 6). However, the thicknesses of sandy hybrid event beds (H1 and H2)
greatly decrease at the expense of increases in the thickness of muddy hybrid event bed
intervals (H3 to H5). Hence, the thickness of the basal hybrid event bed facies in medial
lobes is less (1–1.5 m) than those in the proximal lobes (2–3 m).
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Figure 6. Hybrid bed facies in a medial lobe setting. (a) A complete model of hybrid facies is
commonly developed in the medial lobe system, where all the facies are distinctively placed in hybrid
event beds. One can easily find facies ranging from H1 to H5 from the base to the top, respectively, in
the medial lobe exposed in the Sepangger (SP) section, NW Sabah. (b) All hybrid event bed facies
(H1 to H5) are developed in the medial lobe component exposed in the Jalan UMS behind the KFC
(JK) section, West Sabah.

The gradual loss of coarse-grained sediments in the proximal lobes gradually enriches
the clay and silt particles, resulting in the transformation of flow character developing
the hybrid event beds in medial lobe settings [44]. Moreover, these deep-marine sand–
mud couplets are established due to remobilization of sediments during the phase of
deposition [14,23,36] which are also termed as the chaotic division of H3 hybrid facies
well-developed in the medial lobe settings [14,23,30,36].

4.1.3. Distal Lobes

The vertical thickness of hybrid event beds in distal lobe settings relatively decreases
(0.6 to 1.5 m) due to deposited sands in the depositional system. However, they may have
formed of thicker residual fine-sand and muddy division of hybrid event beds, while the
basal divisions of hybrid event beds (H1 and H2) are less developed (Figure 7). There is no
banded hybrid division of H2 in the distal lobe settings.
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Figure 7. Hybrid event beds interpreted in a distal lobe system. (a) Distal lobe contains more vertical
thickness of muddy hybrid event bed facies (H3, H4, and H5) than the proximal and medial lobes
moving from the base to the top of sequence in the Lapasan (LPS) section, NW Sabah. (b) The most
distal part of the lobe contains the minimum or least vertical thickness of sandy hybrid facies (H1 or
H2) where the facies are mainly composed of chaotic intervals of H3, and mud facies of H5 in the
Lok Kawi wildlife (LKW) section, SW Sabah.

Hybrid event beds are frequently reported in the distal lobe system having abrupt
pinch out and wedging in beds due to deceleration of flow [2,16,18,21,30,81]. Likewise,
linked debrites are usually associated with the proximal and medial settings with higher
energy flow, whereas the distal lobes have less vertical thickness of hybrid beds [18,46] as
the energy conditions in massive and thick sand packages are already transformed in the
proximal and medial lobe settings.

4.2. Hybrid Bed Facies in Frontal and Lateral Lobes
4.2.1. Frontal Lobes

Frontal zones of a lobe in the axial component remain with the clay-poor deposition
and the lower divisions of hybrid beds are characterized by dewatered sand (H1), overlain
by muddy sand intervals mainly in the fringe area (Figure 8). In addition to this, the fringe
area of frontal lobes is prone to hybrid events that primarily contain the mud-rich hybrid
bed (H3 and H5 facies) because of depositional transition from massive clean sand into
muddy sand throughout the deep-marine gravity flow [33].
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Figure 8. Variable expressions of hybrid event bed facies in frontal lobes. (a) Frontal area of the
lobe near to the axis has brief hybrid event bed intervals mainly containing H1 and H3 facies with
floating mud clasts in the Sepangger (SP) section, NW Sabah. (b) The frontal area away from the
axial lobe domain has distinct muddy hybrid facies of H3 to H5 and the vertical thickness of the
hybrid sequence also increases significantly in the Lapasan (LPS) section, NW Sabah.

4.2.2. Lateral Lobes

Lateral lobes are the frequent sites of flow transformation from the lobe axis sideways.
These lateral lobes are abundant in sandy hybrid facies associated with broken fragments
or mud clasts (Figure 9) while the upper muddy hybrid facies (H3 to H5) are distinctively
developed but have less vertical thickness. Lateral lobes have a slight chaotic effect in the
depositional phase, which necessitates the formation of H3 facies in them. The mud clasts
of more than 5 cm are often encompassed in the basal hybrid sandy division (H1) but are
relatively smaller sized mud clasts in H3 facies.

The distribution of hybrid event bed facies greatly depends on the degree of basin con-
finement as it determines the lobe stacking and dispersal patterns [33,34,50]. Lateral lobes
exhibit abrupt change in thickness and facies, resulting in less development of vertically
thick hybrid event bed facies (Figure 9). It is possible to find the hybrid event bed facies
in lateral lobes, but the extension of distinct hybrid event bed facies in lateral lobes is less
common, especially in a confined sedimentary system where the flow does not have ample
space to establish a distinct and well-developed transitional facies architecture [33,49].
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Figure 9. A brief signature of hybrid event beds in lateral lobes. (a) Lateral lobes have distinct brief
expressions from H1 to H5 facies in the Jalan Sulaman (SUL) section, NW Sabah. (b) Lateral lobes
predominantly contain H1 sandy hybrid intervals overlying a minor component of H3 and H5 facies,
while moving from the base to the top in a stratigraphic succession exposed in the Jalan UMS (JU)
section, West Sabah.

4.3. Hybrid Bed Facies in Lobe Progradation

Lobe progradation is a fluctuating geological process that mainly depends on sediment
influx, variation in transport distance, and change in relative sea level. Normally, the sand-
rich depositional units with a thickening upward cycle are indicative of lobe progradation
(Figure 10). These hybrid flows are spatially distributed in the form of complex internal
rheology [21,31,40,76,81].
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Figure 10. Relative position of hybrid beds in lobe progradation. (a) A thickening upward cycle
in the Universiti Prima Condo (UP) section, West Sabah, where the vertical thickness of a massive
shale is gradually reduced from base to top. Shaded image of a 173 cm tall person is shown as a
vertical scale. (b) Massive shale overlain by debrite (D), hybrid event bed (H), and then massive
sandy turbidite (T) present in the lower part of prograding lobe. (c) A second hybrid event bed (H)
between debrite (D) and turbidite (T) is present in lobe progradation.

Hybrid event beds with variable facies divisions are more often associated at the base
of a prograding lobe pattern, mainly in an unconfined lobe setting [32,41,45]. These hybrid
beds are sporadically distributed in a compensational stacking pattern while these hybrid
event beds are mainly present at the top of the retrogradational sequence (Figure 11) of a
lobe system [41].

Figure 11. The presence of hybrid event beds during the lobe retrogradation in the Jalan UMS behind
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the KFC (JK), West Sabah. (a) Massive, amalgamated sandstone (of more than 3 m in thickness)
overlain by thick to medium sand units from the base to the top where the hybrid event beds are
present in the upper part of sequence. Shaded image of a 169 cm tall person is used as a vertical scale.
(b) The expression of a hybrid event bed (H) unit bounded by debrite (D) at the base and turbidite
(T) at the top of sequence. (c) Another chaotic hybrid division (H) present between sandy debrite (D)
to turbidite (T) in the upper part of lobe retrogradation.

5. Discussion

5.1. Lithological Heterogenerities in Hybrid Beds and Reservoir Potential

The heterogeneity of hybrid event bed facies adversely hampered the sandy reservoir.
The broken clasts revealed in the H1 and H3 divisions would reduce the lateral and vertical
connectivity of reservoir [82]. The upper hybrid event bed facies (H3 and H5) are rich in
mud which would negatively influence reservoir intervals. The facies of H2 alternate in
regular lighter and darker bands due to mud content distribution to less permeable zones
in sandy intervals, destroying vertical migrations of fluids in reservoir units.

The scale of heterogeneity should also be considered while addressing the siliciclastic
petroleum reservoirs. These hybrid beds are 1–3 m in vertical thickness which is generally
not resolved in seismic data. It is quite possible that a massive sandstone interval on a
seismic section may contain single or multiple hybrid event beds. According to seismic
data, one can easily interpret an interval as a potential reservoir, but actually, the reservoir
potential is significantly varied due to the presence of hybrid bed facies. The drilling core
data and equivalent outcrop stratigraphy would better give a better insight about the
potential of these sandstone reservoirs.

5.2. Distribution of Hybrid Bed Facies

It is vital to understand the distribution of hybrid event bed facies in submarine
lobe systems to evaluate the reservoir potential of deep-marine sand intervals and precise
input for reservoir modelling. The size of floating mud clasts is reduced during the flow
from proximal to distal zones where large mud clasts in H3 are present in the proximal
component of a lobe while small mud clasts are present in the distal lobe settings [30,83,84].
Dewatering in the sandy unit may act as lubrication for the mixture of muddy flow,
thus forming a sand–mud couplet similar to a turbidite–debrite couplet in a depositional
record [23,42].

Generally, the distribution of hybrid event bed facies from the proximal to distal lobes
are significantly variable with respect to scale and type of hybrid event bed facies [38].
Proximal lobes have multimeter beds of hybrid events which mainly contain basal facies
(H1 and H2) while medial lobes have the maximum distribution of all hybrid event beds
(H1 to H5), as shown in Figure 12. However, distal lobes only contain the upper hybrid
event bed facies (H3 and H5) with vertical thicknesses of less than one meter. The distal
lobes may contain a small proportion of the basal sandy hybrid event beds (H1 and H2)
only in the fringe area while distal fringe has the least fraction of basal hybrid facies
(H1 and H3).

5.3. Geodynamic Evolution of Hybrid Beds

The development of hybrid bed facies is highly influenced by frontal and lateral
lobe settings. The frontal lobes initially deposit coarse sandstones and there is a gradual
evolution of flow conditions. The dynamic model of frontal lobes suggests the flow
transformation away from the lobe axis in fringe area [39,81,84]. However, the spreading
of sediments in lateral lobes starts from an off-axis area that provides a small avenue for
the transition of flow and the deposition of hybrid bed facies. It is crucial to understand the
role of confinement, especially in lateral lobes where an unconfined basin floor provides
ample accommodation space for the well-developed hybrid bed sequence [32]. Hence,
hybrid bed facies are frequently associated with boundary conditions of frontal lobes in
general and settings of lateral lobes, especially.
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Figure 12. Distribution of hybrid facies from proximal to distal lobes. (a) Proximal lobes contain
a major chunk of sands contained mainly H1 and H2 facies with thin caps of muds (H5). (b) A
complete sequence of hybrid beds (H1 to H5) in a medial lobe. (c) Distal lobe in the fringe area
contains small sandy hybrid event bed facies (H1–H2) but mainly comprises muddy upper facies of
hybrid event bed. (d) The most distal part of lobe contains muddy hybrid event bed facies with total
hybrid sequence less than one meter.

Hybrid event beds are associated with lobe progress as there is an evolution of flow
conditions during lobe deposition [38]. The position of a hybrid event bed is the transition
zone when a flow changes its velocity either to a higher flow regime or a lower flow
regime [39,84]. In the case of lobe progradation, when a sand-rich sedimentary succession
gradually gains energy and the shale and thin sandstone units are overlain by a thickening
upward sequence, the hybrid beds are generally developed in the lower part of the lobe
progradation sequence [40,43,81,85] (Figure 13). However, during lobe retrogradation or
cessation, the hybrid beds are frequently present in the upper part of thinning upward
stratigraphy due to the loss of energy from massive sandstone deposition to shale and thin
sandstone intervals [45].

5.4. Hybrid Event Beds in Sand-Rich Deep-Marine Fan

The Crocker Fan is considered as one of the most classical examples of a sand-rich deep-
marine fan environment where the hybrid event beds are less common in the stratigraphic
record [47,79]. This sand-dominated deposition is mainly characterized by a debrite–
turbidite system while hybrid event beds are only present in fewer parts of the fan lobe
architecture [38]. Therefore, this study emphasizes the facies of hybrid event beds in a sand-
rich fan system and the distribution of hybrid facies could vary in sand–mud mixed fan and
fine-grained shaly fan environments [29]. Based on lobe components, these hybrid beds
could possibly be more common in a mixed sand–mud fan deposition where changes in
energy conditions and transformation of flow are frequent due to the evolution of sediment
supply, resulting in the formation of hybrid beds at discrete stratigraphic intervals.
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Figure 13. Distribution of hybrid facies. (a) Frontal lobes with incomplete hybrid facies. (b) clean
sand (H1) and muddy sand (H3) facies in lateral lobes. (c) Hybrid bed facies in lobe progradation
with hybrid beds in the lower part. (d) lobe retrogradation with hybrid beds in the upper part of
the lobe.

6. Conclusions

The major highlights from this work on facies heterogeneity of hybrid event beds
in submarine lobe components distributed along the Crocker Fan System of Sabah are
summarized as follows:

1. The sedimentary facies of hybrid events exhibit rapid internal variability in geometry
and divisions, characteristic of hybrid event beds in a deep-water system. These
variations are typically developed due to numerous forms of basin configuration and
transitional flow processes in a depositional environment.

2. It is quite possible that deep-marine sedimentary succession may be devoid of any
hybrid event bed facies, especially in the most proximal and the most distal parts of
lobes, where the chances of flow transformation are minimum and consequently, no
hybrid event beds are formed in these domains.

3. Occasionally, the proximal lobes have multimeter vertical thickness with sandy hybrid
event bed facies (H1 and H2), medial lobes have complete sedimentary facies succes-
sion of hybrid event bed sequence (H1 to H5), while the distal lobes predominantly
contain only muddy hybrid event beds (H3 and H5) ranging in total thickness from
0.6 to 1.5 m of a complete hybrid event bed sequence.

4. Frontal lobes are formed of sediments with variable facies distribution including H1
and H3 in the innermost axial area, while they include a more-developed chaotic
division (H3) away from the proximal domain.

5. The development of hybrid event beds is dependent on flow transformation and
the zone of transition in a flow event. The gradual transformation of flow favors
the deposition of a hybrid sequence while abrupt changes in flow may diminish the
chances of hybrid bed deposition.

6. Deep-water sedimentary deposition commonly comprises a fan lobe system and
is occasionally associated with hybrid bed facies. Muddy sandstone and clay-rich
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hybrid event bed facies adversely affect the reservoir potential of sandy lobe intervals.
This will significantly hinder the pore network and connectivity for lateral and vertical
migration of fluids from reservoirs.
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Abstract: The depositional environments offshore of the Cilento Promontory have been reconstructed
based on the geological studies performed in the frame of the marine geological mapping of the geo-
logical sheet n. 502 “Agropoli”. The littoral environment (toe-of-coastal cliff deposits and submerged
beach deposits), the inner continental shelf environment (inner shelf deposits and bioclastic deposits),
the outer continental shelf environment (outer shelf deposits and bioclastic deposits), the lowstand
system tract and the Pleistocene relict marine units have been singled out. The littoral, inner shelf and
outer shelf environments have been interpreted as the highstand system tract of the Late Quaternary
depositional sequence. This sequence overlies the Cenozoic substratum (ssi unit), composed of
Cenozoic siliciclastic rocks, genetically related with the Cilento Flysch. On the inner shelf four main
seismo-stratigraphic units, overlying the undifferentiated acoustic basement have been recognized
based on the geological interpretation of seismic profiles. On the outer shelf, palimpsest deposits of
emerged to submerged beach and forming elongated dunes have been recognized on sub-bottom
profiles and calibrated with gravity core data collected in previous papers. The sedimentological
analysis of sea bottom samples has shown the occurrence of several grain sizes occurring in this
portion of the Cilento offshore.

Keywords: littoral deposits; continental shelf deposits; palimpsest deposits; marine geological maps;
Cilento Promontory; Southern Italy

1. Introduction

The aim of this paper is to present some new geological, seismo-stratigraphic and
sedimentological data on the depositional environments recognized in the coastal area sur-
rounding the Cilento Promontory, located in the Southern Tyrrhenian Sea, as derived by the
marine geological mapping of the geological sheet n. 502 “Agropoli” [1–3]. The geological
sheet n. 502 “Agropoli” (1:50,000 scale) has shown the distribution of several lithostrati-
graphic units, cropping out at the sea bottom and of the main morphological lineaments,
accordingly to the CARG (CARta Geologica) set of rules [4,5]. The main stratigraphic
units individuated through the analysis of the sediments cropping out at the sea bottom
belong to the Late Quaternary depositional sequence (Figure 1). The spatial and temporal
evolution and the lateral and vertical migration of the depositional environments belonging
to the Late Quaternary depositional sequence, i.e., the coastal setting, the continental shelf
setting and the slope setting, have been previously discussed [6–10]. The variations of
the accommodation space of the Late Quaternary deposits during the last fourth-order
glacio-eustatic cycle, ranging in age between 128 ky B.P. (Tyrrhenian stage) and the isotopic
stage 5 have been recorded by the stratigraphic succession investigated through the marine
geological survey. Catuneanu et al. [9] studied the sequence stratigraphic concepts in detail,
particularly referring to the depositional sequences, bounded by subaerial unconformi-
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ties and their marine correlative conformities. These unconformities have been used as
sequence boundaries, marking hiatuses in the stratigraphic record. All the genetic models
of the depositional sequences are based on the distinction of forced regressive deposits,
normal regressive (lowstand and highstand) deposits and transgressive deposits as distinct
genetic units [9]. Forced regressive deposits, normal regressive (lowstand and highstand)
deposits and transgressive deposits can be identified when they can be genetically related
to the changes in shoreline trajectory [8]. Catuneanu [10] further specified the definition of
sequence as a rock-stratigraphic unit bounded by interregional unconformities in the 1940s
with a resolution of 102–103 m [11–16], as a relatively conformable succession of genetically
related strata bounded by unconformities or their correlative conformities in the 1970s with
a resolution of 101–102 m and, finally, as a stratigraphic cycle defined by the recurrence
of the same type of sequence stratigraphic surface in the rock record in the 2010 s with a
resolution of 1–10 m.

The facies analysis criteria and the schematic representation of the depositional envi-
ronments are herein briefly resumed. The system tracts of the Late Quaternary depositional
sequence consist of deposits typified by facies genetically related to continental, coastal,
shelf and deep-sea depositional environments. Here, we will concentrate on the coastal
and continental shelf depositional environments, since the other kinds of deposits have
not been recognized in the study area. The coastal depositional systems are characterized
by a great variability, both in the morphology and in the depositional style. This variabil-
ity has suggested different budgets between the available sediments, coupled with the
genetic control of the oceanographic regimes (“wave-dominated”, “tide-dominated” or
“mixed”) [17–22]. The Mediterranean Sea is typified by a micro-tidal regime. In particular,
on the Italian continental margins, the coastal systems are wave-dominated. The coastal
deposits grow during each phase of a relative sea level cycle, but with different facies.
Regressive systems arise during the sea-level falls (“forced regressions”) [23,24] or when
the siliciclastic supply counterbalances the relative sea-level rate. If we consider the present
day continental shelf deposits, three main types have been summarized, including the relict
sediments, deposited during a seawards advancement of the shoreline and then drowned,
the palimpsest sediments, which are relict sediments reworked by currents, storm waves
and tides and the Late Quaternary highstand deposits, in equilibrium with the present day
depositional processes [25–27]. The highstand deposits are younger than the maximum
marine flooding occurred at the end of the last sea-level rise (about 4 to 5 ky B.P.). Offshore
Italy, they exhibit their maximum thickness on the inner shelf in correspondence to the
main deltas (Po, Tiber and Arno), reduced to a few meters on the outer shelf (Figure 2). In
Naples Bay, the highstand deposits have been mapped offshore Campania [28–31].

Maërl layers (Maërl is a hard seaweed with a purple-pink color that forms reef-like
carpets, known as maërl beds, in the dim light conditions of the shallow seas along the
European coasts) have been recognized on the continental shelf offshore Cilento through the
geological interpretation of sub-bottom profiles [32]. The maërl facies has been recognized
based on the component analysis of 32 grab samples and is preferentially concentrated
on the submerged depositional terraces, located at water depths ranging between 42 m
and 52 m. This preferential distribution has been probably controlled by strong bottom
currents occurred in this area due to the local oceanographic circulation, preventing for
the deposition of siliciclastic deposits. The coralline algae have controlled the carbonate
deposition offshore the Cilento Promontory at water depths ranging between 40 m and
60 m [32]. Another significant contribution to the depositional environments deals with the
searching of relict sandy deposits on the continental shelf offshore the Cilento Promontory
aimed at beach nourishment [33]. The performed analyses have allowed to individuate the
submarine relict sands suitable for beach nourishment. Moreover, the terraced landforms
occurring both onshore and offshore the Cilento Promontory have been recently analyzed
and aimed at reconstructing the meaning of the terraced surfaces as Quaternary records
of the sea level changes [34]. Two main types of terraced surfaces have been recognized,
including the erosional terraces (“wave-cut platforms” or “abrasion platforms”) [35–37]
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and the depositional terraces (STDs) [38–40]. Two types of landforms have been controlled by
the interaction of several geological processes, including the type of bedrock, the geodynamic
setting, the sedimentary input and the relative sea level changes [34]. In the Cilento offshore,
the submarine marine terraces were formed when the rocky outcrops were exposed on the
continental shelf and were predominantly generated during the interglacial periods [34].

Figure 1. (a) Location map of the study area (red inset). (b) Sketch stratigraphic diagram as a
function of depth (c) and time, showing the geometric relationships between the system tracts
and the distribution of siliciclastic facies in unconformity-bounded depositional sequences.HST:
Highstand system tract. TST: Transgressive system tract. LST: Lowstand system tract. FST: Forced
regression system tract.
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Figure 2. Satellite map of Italy, showing the main river systems (Po, Tiber and Arno) whose deltas
have fed the highstand deposits of the Italian continental shelf.

In this paper, the marine geological maps have allowed to show the depositional
environments occurring offshore of the Cilento Promontory and to interpret these envi-
ronments in terms of system tracts of the Late Quaternary depositional sequence [41–43].
Moreover, the sedimentological data of sea bottom samples have been analyzed in order
to show the main grain sizes occurring at the sea bottom in this portion of the Cilento
offshore. Ternary plots have been constructed in order to evaluate the different grain sizes,
considering as variables shale, sand and silt and gravel and sand and silt, respectively.
These plots allowed to analyze the grain sizes occurring at the sea bottom in this portion
of the Cilento offshore. Sub-bottom profiles have been interpreted based on the criteria
of seismic stratigraphy in order to reconstruct the stratigraphic setting of the area and to
complement the cartographic representation.

2. Geologic Setting

The Southeastern Tyrrhenian margin is a passive-type continental margin involved
by listric faults, with blocks dipping both seawards and landwards. Along the Tyrrhe-
nian margin, this tectonic style has controlled the formation of half-graben basins on the
continental shelf and slope, alternating with structural highs [44,45].

The marine area surrounding the Cilento Promontory represents a structural high
resulting from the seawards prolongation of the Licosa Cape structural high, bounded
northwards and southwards by two half-graben basins: the Salerno Valley and the Policas-
tro Gulf. The Salerno Valley is a half-graben basin whose individuation has been controlled
during the Early Pleistocene by the master fault Capri-Sorrento Peninsula, with average
throws in the order of 1500 meters [46,47]. Previous seismo-stratigraphic data have shown
a main regional unconformity, located at depths ranging between 2000 and 2500 meters,
correlated with the top of the Meso-Cenozoic carbonates and marking the base of the
Plio-Pleistocene filling of the Salerno Valley [46,47].

The Cilento structural high has been deeply investigated based on its geologic and
seismo-stratigraphic characteristics. The interpretation of multichannel profiles has shown
the occurrence of wide structural highs, characterized by an acoustically transparent
seismic facies, corresponding to the acoustic basement, alternating with parallel seismic
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reflectors corresponding to the Quaternary marine filling of sedimentary basins [48]. More
recently, the geological interpretation of newly acquired deep multichannel seismic lines
along the Tyrrhenian margin has confirmed this structural framework, showing that the
geological structure of the Cilento high is locally complicated by folding, reverse faults and
basin inversions [49–51].

In the Cilento Promontory, the siliciclastic successions of the Cilento Flysch crop out,
which have involved the deformation of the Apenninic chain during the Cenozoic and have
been then deformed by the Plio-Quaternary extensional tectonic phases [52–54]. These
units have been deeply revised from a stratigraphic and structural point of view [53]. The
revision was focused both on the Cilento Group, composed of the “Pollica” Sandstones
and of the “S. Mauro” Formation and on the Northern Calabria Unit, constituted by the
“Crete Nere” Formation, by the “Saraceno” Formation, by the “Cannicchio” Sandstones
and by the “Sicilide” units [53]. These stratigraphic-structural units represent the rocky
acoustic basement of the Plio-Pleistocene and Holocene marine deposits of the continental
shelf between the Licosa Cape and the Palinuro Cape—namely, the ssi unit described in
this paper (see the section on the results).

3. Materials and Methods

The research has been developed through the acquisition, the processing and the
geologic interpretation of a densely spaced grid of high-resolution seismic profiles (sub-
bottom Chirp) collected by the CNR-ISMAR onboard of the R/V Urania (National Research
Council of Italy). The grid of sub-bottom Chirp profiles superimposed to the onshore–
offshore DEM of the Cilento Promontory is reported in Figure 3. The acoustic profiling
system CAP-6600 Chirp II has been used. Its linear frequency modulated signals of 2–7 kHz
or 8–23 kHz and 4-kW provide high-resolution sounding reaching a 10–30-cm resolution
within uppermost marine sediments. The obtained data, recorded onboard with a SEG-Y
format, was processed by using the software Seisprho [55], allowing to plot the sub-bottom
profiles as bitmap images. The geological interpretation of sub-bottom profiles was carried
out based on the criteria of seismic stratigraphy in order to identify the main seismic
sequences and the related unconformities [56].

Figure 3. Location map of sub-bottom Chirp profiles superimposed to onshore–offshore DEM of the
Cilento Promontory. Red lines indicate the seismic profiles shown in the text.

The sea bottom samples were collected during the GMS 03_01 cruise (R/V Urania,
CNR) in November 2003 by a Van Veen grab and immediately described in terms of visible
features and grain size. The location of samples superimposed on the onshore–offshore
Digital Elevation Model (DEM) of the Cilento offshore is shown in Figure 4. The grain size
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analyses were performed at the CNR-ISMAR (Naples, Italy) sedimentological laboratory
using a grain size laser analyzer (SYMPATEC Laser Particle Size Analyzer).

Figure 4. Location of sea bottom samples superimposed on onshore–offshore DEM of the
Cilento offshore.

The particle size analysis involved a phase of preparation and pre-treatment of the
sample. The collected samples were dried in thermostatic ovens at 105 ◦C for 24 h, until
the weight stabilization was obtained. Then, the pretreatment was carried out with a
solution of hydrogen peroxide and distilled water for 24/48 h. Subsequently, the sample
was stirred with a mechanical stirrer at 600 rpm for about 2 h and then wet-separated with
a 63-μm sieve into a coarse component (>63 μm) and a fine component (<63 μm). The
coarse fraction was dry screened with a stack of ASTM sieves with mesh sizes ranging from
4000 μm to 63 μm, with intermediate sieves and a subsequent determination of the weights
of the obtained fractions. The fine fraction was first analyzed dry, until a sub-sample
was obtained, dispersed in an aqueous solution and subsequently analyzed with the laser
granulometer. The processed sedimentological data were used for the construction of
cumulative and frequency curves and were classified according to the classification of
Shepard (1954), classical or modified.

4. Results

Marine geological mapping (Figure 5) coupled with sedimentological and seismo-
stratigraphic data has allowed to reconstruct the depositional environments offshore of
Northern Cilento. Four geological maps show the distribution of the Late Quaternary
deposits at the seafloor in the Cilento offshore and have been superimposed to the onshore–
offshore DEM of the Cilento Promontory (Figure 5).

The map n. I NW (scale 1: 25,000) covers a continental shelf area, dipping with low
gradients up to water depths of 95 m (Figure 5). The northeastern extremity of this map,
including the farthest southern sector of the Paestum Plain, includes little ramps up to
water depths of 35 m. The rocky shoreline and the outcrops of acoustic basement alongside
the Agropoli promontory control the convex bathymetric trend up to 25 m. Similarly, the
rocky promontory between the Tresino Cape and the Pagliarolo Cape conditioned the
physiography of the submerged area, with a convex bathymetric trend surrounding high
coastlines. The physiographic unit of the Licosa Cape high, represented by an E-W trending
ridge, is the most representative morpho-structural lineament of both maps n. II SW and
n. III SE (scale 1: 25,000; Figure 5). An articulated E–W bathymetric trend occurs, with a
wide area showing remnants of terraced surfaces located at different water depths [3,34].
The concave bathymetric trend highlights the occurrence of slide scars, incised by drainage
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axes, in the southern sector of the structural high. Three main morpho-structural highs of
the acoustic basement occur, respectively, N–S, E–W and NNW–SSE trending (Figure 5). A
continental shelf, ranging at water depths between 105 and 185 m, is covered by the map n.
IV NE (scale 1: 25,000; Figure 5).

Figure 5. Onshore–offshore DEM of the Cilento Promontory with superimposed the results of the marine geological survey
at the 1:25,000 scale (map n. I NW, map n. II SW, map n. III SE and map n. IV NE).

The submerged beach deposits and the toe-of-coastal cliff deposits, particularly abun-
dant at the foot of the present day coastal cliffs, incised in Pollica formation, characterizing
the littoral environment. Next to Licosa Cape, the toe-of-coastal cliff deposits surrounded a
wide terrace of marine abrasion, located at water depths ranging between 4 m and 10 m,
extending from the S. Marco Plain to Ogliastro Marina Bay. Poorly sorted blocks and grav-
els constitute the toe-of-coastal cliff deposits. The submerged beach deposits are composed
of gravels, sandy gravels and coarse-grained sands with rounded to subrounded pebbles,
immersed in a scarce middle-to-fine-grained sandy matrix. The inner shelf deposits and the
bioclastic deposits characterize the inner shelf environment. The inner shelf deposits are
composed of poorly sorted coarse-grained litho-bioclastic sands, middle-to-fine-grained
litho-bioclastic sands and fine-grained pelitic sands. The bioclastic deposits are composed
of bioclastic gravels, gravelly sands and bioclastic sands immersed in a scarce pelitic matrix.
The bioclastic sands often represent the base of meadows of marine Phanerogams and are
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located at the top of wide outcrops of the Cenozoic substratum (ssi unit), genetically related
with the Cilento Flysch, based on criteria of stratigraphic correlation of the geological units
cropping out in the adjacent emerged coastal belt with the corresponding geological units
recognized offshore. The outer shelf deposits and the bioclastic deposits characterize the
outer shelf environment. The outer shelf deposits are composed of middle-to-fine-grained
sands with lithoclastic and bioclastic fragments, including abundant rhizomes of marine
Phanerogams, and of pelites and sandy pelites. Bioclastic sands in a pelitic matrix, with
abundant calcareous algae, constitute the bioclastic deposits.

The sedimentological analyses disclose the grain size distribution of the sediments at
the seafloor offshore the Cilento Promontory. The recognized grain sizes include sandy
gravels, gravelly sands, sands, silty sands, muddy sands, sandy silts, silts and muds. The
results of the sedimentological investigation showed that the analyzed samples mainly
consist of fine-grained lithologies. Fine-grained sands are widespread along the coast
in the northern sector of the study area. Offshore of Licosa Cape, both fine-grained and
coarse-grained sands were recognized. Ternary plots of sea bottom samples (Figure 6)
were constructed (shales–sands–silts) and (gravels–sands–silts) in order to improve the
processing of the sedimentological data and to elaborate the sedimentological results.

The seismic analysis of the sub-bottom Chirp profiles has allowed us to study the
seismo-stratigraphic characteristics of the Cilento offshore between the Solofrone river
mouth and the Licosa Cape. The main outcrops at the sea bottom of the rocky acoustic
basement were bounded, relatively to the sedimentary covers, composed of coarse-grained
sands grading towards middle-fine-grained sands and fine-grained sands. The sandy facies
are prevalent in the sector of continental shelf located between the Solofrone river mouth
and Agropoli Town, where they form N–S sandy belts parallel to the isobaths and located
at water depths ranging between 10 and 17 m. In the same area, the rocky outcrops have a
limited extension and occur at water depths ranging between 15 m and 20 m.

The rocky acoustic basement (ssi) widely crops out next to the shoreline from Agropoli
Town to Tresino Cape and from Tresino Cape to Pagliarolo Cape, where it represents the sea-
wards prolongation of the coastal cliffs incised in the deposits of the Cilento Group [52–54].
From Agropoli to Tresino Cape, the ssi unit is represented by a terraced surface having a
low gradient, dipping seawards and outcropping at the sea bottom at water depths ranging
between 5 m and 25 m. In this area, the basement is colonized by Posidonia meadows. From
Tresino Cape and Pagliarolo Cape, the rocky substratum forms a terraced surface having a
low gradient between the emerged sea cliff and the isobath of 20 m, physically continuous,
lacking the adjoining sandy facies of a submerged beach. This outcrop strongly reshapes
the trending of the two rocky promontories onshore, showing the strong control played
by the land geology on the marine geology. In the whole sector, the acoustic basement is
downthrown below the recent sedimentary cover through normal faults, whose upper part
is sometimes evident on seismic profiles.

The seismo-stratigraphic analysis evidenced that the recent sedimentary cover, ranging
in age between the Late Pleistocene and the Holocene, is organized into four main seismo-
stratigraphic units (Figure 7), overlying the undifferentiated acoustic basement (ssi). The
first unit (seismo-stratigraphic unit 1) is characterized by an acoustically transparent seismic
facies and ranges in thickness between 7 m and 10 m. Unit 1, probably composed of sands,
unconformably overlies the undifferentiated acoustic basement (ssi). Its top is strongly
eroded, forming palaeo-channels, in which the seismo-stratigraphic unit 2 was deposited.

The second unit (seismo-stratigraphic unit 2; Figure 7) is distinguished from alternat-
ing acoustically transparent intervals and continuous intervals, probably corresponding
with alternating sands and shales for a whole thickness of about 10 meters. The unit forms
the filling of depressions or intra-platform basins individuated at the top of unit 1 and of
erosional depressions located at the top of the unit ssi.

The third unit (seismo-stratigraphic unit 3; Figure 7) is characterized by acoustic facies
with parallel and discontinuous reflectors of high amplitude and represents a first phase of
the recent filling, Holocene in age.
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Figure 6. Ternary plots of the sea bottom samples. Inset (A) ternary plot shale–sand–silt. Inset
(B) ternary plot gravel–sand–silt.
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Figure 7. Sub-bottom profiles B51, B52 and B53 and the corresponding geological interpretations (see
Figure 3 for location).

The fourth unit (seismo-stratigraphic unit 4; Figure 7) is distinguished from seismic
facies with parallel continuous-to-discontinuous reflectors of high amplitude and represents
a second phase of the recent filling, Holocene in age. The geological interpretation of sub-
bottom profiles has shown the occurrence of shallow gas pockets (Figure 7).

The seismo-stratigraphic interpretation of the sub-bottom profile Bl14 was calibrated
with the lithostratigraphic data of a gravity core, herein named the Licosa gravity core,
previously published (Figure 8) [57]. On the left in the seismic profile, the rocky acoustic
basement genetically related with the Cilento Flysch (ssi unit) was recognized. This seismic

184



J. Mar. Sci. Eng. 2021, 9, 1083

unit is overlain by a thick progradational unit, interpreted as the beach deposits of the
isotopic stages 4 and 5 [58,59], Late Pleistocene in age. Based on the calibration with
the Licosa gravity core, the uppermost part of this unit has been interpreted as coarse-
grained sands, very rich in Mollusk shells, including Arctica islandica, a cold host of the
Pleistocene (Sg unit; Figure 8). This represents a key seismic unit in the seismo-stratigraphic
setting of this area and is composed of coarse-grained organogenic sands. Being located at
higher water depths with respect to the sedimentary distribution model, which locates this
kind of organogenic sand in the coastal belt [60,61], this unit can be interpreted as relict
sands [62], which can be compared with the organogenic sands described by Péres and
Picard (1964) [63], including cold hosts attributed to the end of the Würm.

Figure 8. Sub-bottom profile Bl14 and corresponding geologic interpretation, calibrated with the lithostratigraphic data
of the Licosa gravity core (see Figure 3 for location). The subfigure on the right side of the seismic profile represents the
stratigraphy of the Licosa core (see the key to the seismic profile for the explanation).

The Sg unit forms a sandy ridge, which is located at water depths ranging between
130 m and 140 m of the water depth (Figure 8). This sandy ridge has been interpreted as a
part of the submerged beach (shoreface) and could be related to the last lowstand phase,
corresponding to the isotopic stage 2 [58,59]. The underlying seismic unit, characterized by
pro-grading clinoforms, could represent the remnants of older beach systems, genetically
related with the isotopic stages 4 and 3 (Late Pleistocene; Figure 8).

The abrupt contact between the coarse-grained sands with Arctica islandica and the
overlying finer-grained deposits (Sm to Ag deposits in the Licosa core; Figure 8) is rep-
resented by an erosional surface (“ravinement surface”; Figure 8) [64]. The ravinement
surface is a time-transgressive or diachronous subaqueous erosional surface resulting from
nearshore marine and shoreline erosion associated with a sea level rise [64]. Proceeding
landwards, this erosional surface laterally grades into the erosional surface located at the
top of the rocky acoustic basement (Figure 8).

5. Discussion

The seismic and sequence stratigraphy are techniques of the analysis of seismic profiles
that have undergone a rapid evolution, starting from the basic concepts of Vail et al. 1977 [6].
In this paper, a definition of the depositional sequence was given, coupled with the criteria
for its determination, based on the lateral terminations of the inner strata of sequences,
both upwards (erosional truncation) and downwards (onlap and downlap). These criteria
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were and still remain basic for the identification of regional unconformities bounding the
depositional sequences in their lower part and in their upper part. Other basic concepts of
this technique have been developed by Christie-Blick 1991 [7], who defined, for the first
time, the “unconformity-bounded” depositional sequences based on their stratal patterns
(onlap and offlap). In particular, the “unconformity-bounded” depositional sequences
show onlapping strata at their base and offlapping strata at their top [7]. Despite how
many sequence stratigraphic papers have been further developed, reaching the modern
applications and concepts of sequence stratigraphy of Catuneanu [9,10], we believe that
some basic concepts of the first sequence stratigraphic papers are still valid [6–8], as the
identification of regional unconformities for the identification of the depositional sequences.

Based on marine geological mapping, coupled with seismo-stratigraphic interpretation
and confirmed by the sedimentological data, all the described deposits (littoral, inner shelf
and outer shelf environments) pertain to the highstand system tract of the Late Quaternary
depositional sequence (Figure 5). The lowstand system tract is composed of organogenic
coarse-grained sands, including an abundant bioclastic component (Mollusks, Echinoids,
Bryozoans), passing upwards through an abrupt contact to middle-grained sands and
thin pelitic drapes, whose thickness does not exceed 2 m (Figure 5). They are relict littoral
deposits, organized as coastal wedges overlying the shelf margin prograding clinoforms,
which represent portions of submerged beaches genetically related with the last sea-level
lowstand, corresponding with the isotopic stage 2 [58,59]. The lowstand deposits form
dune strips with NW-SE elongation, which occur in the southwestern sector of the area, at
water depths ranging between 140 m and 145 m (Figure 5). The Pleistocene relict marine
units are composed of coarse-to-fine-grained marine deposits and are probably constituted
by well-sorted sands and gravels with bioclastic fragments and by middle-to-fine-grained
sands overlain by thin pelitic drapes not exceeding a thickness of 2 m. These deposits,
which constitute palimpsests of beach and continental shelf environments, are mainly
located in the northwestern and southwestern quadrants of the marine area covered by the
geological sheet n. 502 “Agropoli”. These deposits, underlying the lowstand system tract
represent the remaining parts of older beach systems correlated to isotopic stages 4 and
5 [58,59] (Figure 8).

The bioclastic deposits are typical of the biocenosis of “Détritique Du Large” [63],
developed on hard sea bottoms and are located both at the top of outcrops of Cenozoic
acoustic basement, genetically related with the Cilento Flysch (ssi unit) in the western
sector of the morpho-structural high of the Licosa Cape and at the top of palimpsest
deposits, Late Pleistocene in age (Figure 5). In the Mediterranean Sea, the zonation of
benthic assemblages carried out by Péres and Picard [63] represents a basic tool in order to
know the lithology and to interpret the facies of the bioclastic deposits (Figure 9). In the
Mediterranean Sea, the bioclastic deposits occur at water depths ranging between 40 m
and 100 m (“Détritique Cotier” of Péres and Picard) [63] (Figure 9). The main components
of this biocoenosis are produced after the reworking and the deposition of the benthic
communities on both mobile sea bottoms (biocoenosis of the “Détritique Cotier”) and
on hard sea bottoms (biocoenosis of the “Détritique Du Large”). After the Holocene, sea
level rise relict and drowned sediments, characterized by low rates of sedimentation and
by the occurrence of glauconite, were deposited on the seafloor (“Détritique Du Large”;
Figure 9) [64,65].
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Figure 9. Sketch diagram showing the main biocenosis of the mobile sea bottoms.

6. Conclusions

The geological evolution of the Cilento continental shelf during the Late Pleistocene-
Holocene has been reconstructed based on the marine geological data (Figure 5), cou-
pled with the sedimentological data (Figure 6) and with the seismo-stratigraphic data
(Figures 7 and 8).

Following a general climate warming [66–69], during the Upper Pleistocene Holocene,
there was a rapid rise of sea level on a global scale [70–74]. Transgressive and highstand
deposits have been individuated on the continental shelves all around the world [26,75–80].
During the transgression, the high rate of the sea level rise and the low gradient of the
Cilento continental shelf led to the almost simultaneous submersion of large areas and
to the drastic landwards shift of the coastal facies. As a consequence, the geological
interpretation of the Chirp sub-bottom profiles did not allow the identification of retrogra-
dational seismo-stratigraphic units, which can be interpreted as beach systems deposited
during the transgression. On the contrary, highstand and lowstand deposits have been
well-documented based on seismo-stratigraphic data (Figures 7 and 8).

The ravinement surface, representing an erosional truncation involving the upper
part of the offlap succession, is characterized by an irregular topography (Figure 8). The
Licosa core, calibrating the sub-bottom profile Bl14 (Figure 8), has shown that the sediments
overlying the ravinement surface are characterized by middle-grained sands grading up-
wards into silty shales (Sm, Si, Ags; Figure 8), with an overall decrease of the grain size
upwards. This decrease in grain size indicates a deepening of the continental platform.
These sediments have been interpreted as deposited during the transgressive phase started
at the end of the glacial stage of the isotopic stage 2 [57]. These deposits are overlain, in turn,
by shales (Ag), including a pumiceous ash layer of Vesuvius, and are located on the ravine-
ment surface (Figure 8). In the sub-bottom profile Bl14, this succession (transgressive and
highstand deposits) constitutes a thin drape overlying the ravinement surface (Figure 8).
Unfortunately, tephrostratigraphic data on this layer are not still available, allowing it to
function as a good chronostratigraphic layer in this sector of the Tyrrhenian margin.

From the end of the isotopic stage 5a, the sea, despite the cyclical oscillations, is
constantly lowering up to the isotopic stage 2, when it was located at a depth of about 120 m
in the Mediterranean Sea [16,81–90]. During this phase of “forced regression” [24,91–94],
the progradational wedges of the Cilento offshore were deposited, allowing for a platform
widening in the order of several kilometers. The forced regression is controlled by the
seaward migration of the coastline as a reaction to the relative sea-level fall. This kind of
regression occurs during periods of falling of the sea level, since the coastline is forced
to regress due to the falling of the base level, without taking into account the sediment
supply [24]. During the forced regression, the fluvial incision is accompanied by the
deposition of pro-gradational deposits, in a shoreface setting.
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Abstract: This study utilizes lithofacies characteristics, petrographic, XRD, and stable isotope data of
Al-Mejarma beachrocks, Red Sea, Saudi Arabia, to interpret its depositional setting, origin of cement,
and coastal evolution. The beachrock is 1.15 m thick, medium to very coarse-grained sandstone with
scattered granules. It shows massive to graded bedding, horizontal, ripple, and shore parallel to
slightly oblique planar cross-laminations, with a remarkable absence of bioturbation. It was deposited
by shore-parallel longshore currents in a relatively high-energy beach environment. The framework
comprises quartz, feldspars, and lithic fragments admixed with biogenic remains of algae, mollusca,
foraminifera, corals, and echinoids. They are cemented by high magnesium calcite in the form
of isopachous rims and pore-filling blades, and rarely, as a meniscus bridge. The mean values of
δ18OVPDB and δ13CVPDB are 0.44‰ and 3.65‰, respectively, suggesting a seawater origin for the
cement. The framework composition, facies geometry, and association with back-barrier lagoon
impose a deposition as a shoreface-beach barrier through two stages corresponding to the middle
and late Holocene. The first stage attests landward migrating sediment accumulation and rapid
marine cementation. The sediments stored offshore during the early and middle Holocene humid
periods migrated landward from offshore and alongshore by onshore waves and longshore drift
during the middle and late Holocene sea-level highstand. They were cemented to form beachrock
and subsequently emerged as the late Holocene sea-level fell.

Keywords: stable isotopes; coastal sand barrier; Red Sea coastal evolution; late Holocene climate and
sea level; beachrock petrography

1. Introduction

Marine processes play an important role in shaping coastal landforms through the
dynamic interplay between geomorphic setting, climate, hydrodynamics, sediment trans-
port, and biogeochemistry [1–5]. The Holocene climate and sea-level changes are the
primary drivers of the world’s coastal evolution [6]. These changes determine the trends
of emergence and submergence, and the formation of several coastal geomorphological
features [7–10]. Understanding the past changes in sea level and climate is crucial for
effective future long-term and safe coastal development planning [11]. Several proxies
including vertical variations in sedimentary facies, upcore fossil and isotopic changes,
marine notches, coral reef terraces, and geoarchaeological records have been applied to
infer coastal evolution [8,12–14] and sea-level changes [7,10,13,15–17].

Beachrocks are carbonate-cemented sediments of variable composition and grain sizes
typically found within the supratidal, intertidal, and upper subtidal zones mostly along
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tropical and subtropical coastlines [18–24]. They form during sea-level stillstands or minor
regression [7,12]. Various biotic and abiotic processes have been put forward to account
for beachrock cementation [20,25,26]. These processes include the mixing of marine and
meteoric waters [26], direct precipitation of calcium carbonate in pore spaces as a result
of evaporation [27], CO2 degassing of intertidal groundwater during tidal pumping and
spraying [28], and direct or indirect activity of organisms [29,30]. The cement style of
beachrocks is affected by coastal zone morphodynamics [31]. Meniscus high Mg-calcite
cements grow during the beach phase accretion, when the locus of beachrock formation
occurs in the undersaturated sediment in the upper intertidal to supratidal zone, whereas
acicular cements form during the landward shift of the beachface, as the beachrocks are
exposed to saturated conditions [31]. The texture of the beachrock cement can then reveal
short-term cycles of beach progradation and retrogradation [31]. However, such changes
may not be apparent where beachrock forms under very arid conditions, such as along the
Saudi Red Sea coast.

Beachrocks are widely distributed along the Saudi Red Sea and Gulf of Aqaba
coasts [32–36]. Despite their considerable extent, the research on beachrock along the
Saudi Red Sea coast is still in earlier stages and is underrepresented. A single published
study focused on the cementation patterns, cement composition, and microfabrics of Al-
Shuaiba beachrocks [33]. This study showed that the cement consists mainly of aragonite
and high Mg-calcite in the form of micritic coatings, isopachous to asymmetric aragonite
rim, and cryptocrystalline partial pore-fillings. The cement of the beachrocks of Al-Shuaiba
grows selectively around carbonate grains and does not grow around siliciclastic grains.
Cement nucleation on carbonate grains was easier as they provide good “seed crystals” for
carbonate cement growth [33].

Another interesting beachrock occurrence crops out along the eastern shoreline of
the back-barrier Al-Mejarma Lagoon on the Saudi Red Sea coast (Figure 1). It displays
sedimentary structures and textural attributes that indicate a high-energy environment and
are therefore inconsistent with the low-energy lagoonal system. The present study aims
to interpret the depositional setting and the origin of cement in beachrock that is exposed
along the eastern coast of Al-Mejarma Lagoon, Central Red Sea, Saudi Arabia, based on
field observations, petrography, and carbon and oxygen isotopic data.
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Figure 1. Landsat image showing the location of the area of study: (a) Location map of the study
area; (b) Close up of Al-Mejarma Lagoon showing the extension of the beachrock and the location of
the measured section.

2. Holocene Climate and Sea Level in the Red Sea Region

The equatorial regions have experienced a shift in climate and sea level during the
Holocene [37,38]. Several unequivocal geological and archaeological archives indicate
increased precipitation rates during the early-middle Holocene in the eastern Sahara and
Saudi Arabian regions [39–42]. The humid climate was associated with the northward and
eastward expansion of the East African Summer Monsoon [42,43]. The humid interval was
followed by a progressive increase in aridity during the late Holocene associated with the
southward shift of the Intertropical Convergence Zone (ITCZ) [44,45].

The Red Sea region has a generally hot and arid climate throughout the year with low
precipitation (<63 mm/y) and high evaporation (2.06 ± 0.22 m/y) rates [46,47]. The Red
Sea surface water temperature ranges between 22 and 32 ◦C [48] and increases from north
to the south showing wide variability. In winter, it is 22 ◦C at the entrance of the Gulf of
Suez, about 27 ◦C at the southern end of the Red Sea and the highest temperature is 28.2 ◦C
recorded at a latitude of N 20◦. In contrast, the Red Sea surface water temperature during
summer varies from 28 ◦C at the entrance of the Gulf of Suez to 31 ◦C at the southern
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end of the sea, whereas the highest temperature of 32.5 ◦C is shifted a little to the south at
N 16◦ [49].

The wave characteristics in the Red Sea area are strongly controlled by the persistent
winds that increase the longshore transport [50]. The wind systems of the Red Sea area are
dominated by the north-westerly (NNW) wind that blows year-round extending to the
southern end of the Red Sea [51]. This wind system generates the most energetic waves in
the Red Sea basin. These waves propagate to the southern end of the Red Sea, in the form
of swell and frequently as wind sea [52]. In winter (October to April), the NNW winds
are restricted to the northern region and the most regular Indian monsoonal winds blow
much stronger from SSE to the NNW over the southern and central parts of the Red Sea
resulting in the development of a convergence zone at N 20◦–25◦ [46,51,53]. This wind
system generates waves that propagate northward and attenuate when they approach the
Red Sea’s northern end [51]. The Red Sea coast is oriented NNW-SSE, roughly parallel to
the prevailing winds, a situation likely to favor longshore currents and littoral drift.

Relative sea-level highstands with spatial, temporal, and amplitude variabilities
are recorded during the mid-Holocene (between 7.0 and 4.5 ka), followed by sea-level
fall to the present-day level [13,54–59]. Following the last post-glacial sea-level rise,
sea-level fluctuations during the Holocene have had a profound influence on the Red
Sea’s coastal evolution. Evidence for the highstand along the Red Sea and the Gulf of
Aqaba coasts is well documented by coral terraces, palaeoshoreline notches, and erosional
benches [60–62], shallow subsurface coastal sedimentary facies [63–66] and upcore change
in benthic foraminiferal distribution [67,68]. Ghandour and Haredy [64] recognized
transgressive-regressive successions from the Red Sea coastal plain of Al-Kharrar Lagoon,
Saudi Arabia. The lower transgressive part consisting of gravel-rich fluvial sediments that
show an upward increase in marine influence and the overlying lagoonal sediments was at-
tributed to the mid-Holocene relative sea-level rise/highstand. These deposits correspond
to the mid-Holocene humid interval [68]. The upper regressive part consists of shallow
lagoonal and tidal flat deposits showing features of pedogenesis formed during a phase of
sea-level fall under arid climate.

3. Area of Study

Al-Mejarma Lagoon (Figure 1b) is a shallow back-barrier coastal lagoon covering an
area of 0.88 km2 with a maximum water depth of 6 m. It is located between latitudes
N 20◦25′29” and N 20◦26′4.02”, and longitudes E 39◦41′23” and E 39◦42′4”. It is connected
to the Red Sea through a shallow (7 m deep) and narrow (70 m width) inlet channel [69,70].
The water dynamic is variable, energetic along the channel, and very calm on both the
northern and southern parts of the lagoon. The lagoon has a semidiurnal low tidal range
of about 0.3 m that is similar to that of the central Red Sea [71]. The area has no source
of freshwater except rare intermittent supply during catastrophic flash floods through
occasionally active wadis to the north and south of the area of study.

A low-lying intertidal flat borders the lagoon to the south, to the north and north-east,
it is surrounded by coastal dunes, and to the east by beachrocks (Figure 1b). The recent
bottom sediments of Al-Mejarma Lagoon are dominated by argillaceous sand and sandy
mud; however, coarse bioclastic sediments are abundant along the inlet channel [69,70].
In an ongoing research, a short (2.5 m long) core collected from the intertidal flat shows
stacking of two facies; lagoonal gray mud containing skeletal remains of bivalves, gas-
tropods and corals, sharply overlain by intertidal flat yellowish-brown medium-grained
sand. This facies organization is consistent with the shallow subsurface coastal facies
organization at Al-Shuaiba [67], Al-Kharrar [63,64,68], north Al-Wajh [65], and Al Lith [66].

The terrigenous influx into the lagoon was derived from the volcanic and sedimentary
rocks of the Al Lith belt [72]. The belt generally consists of basalt, andesite, and dacitic
tuff interbedded with and overlain by volcaniclastic and epiclastic rocks, and thin marble
and chert beds [73]. Since extreme aridity developed in the late Holocene, most wadis
eventually became inactive and the sediment supply to the coast ceased (Figure 1a).
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4. Materials and Methods

Beachrocks are best exposed on the eastern coast of the Al-Mejarma Lagoon, Saudi
Arabia (Figure 1). Laterally, they are poorly exposed, with only the upper surface exposed
while the rest is hidden within intertidal flat deposits. A sedimentary log (Figure 2) was
measured, described, and samples were collected from the exposure on the lagoonal coast.
The elevation above the mean sea level (MSL) was determined using a Leica Viva GNSS
GS15 receiver. Different lithofacies were identified based on texture and sedimentary
structures. Seven thin sections were prepared in the Laboratory of Petrology, Geology
Department, Cairo University, Egypt. The original samples were cut into 3 × 2 cm chips
perpendicular to the bedding plane. The chips were then mounted on a glass slide using
Canada balsam, and after drying it, is polished to a thickness of 0.03 mm. The thin sections
were investigated by a polarizing microscope to determine framework composition, texture,
and cement morphology. The bulk mineralogical composition was determined using X-ray
diffraction (XRD) analysis. A gram of each dry sample was powdered using an agate mortar
and pestle, and the powdered sediment was packed into a cavity-bearing slide, which was
scanned from 2–40◦ 2θ at speed of 1◦/min. To convert X-ray peak angles to percentage of
magnesium (in mol% of MgCO3) in the calcite lattice, the chart suggested by Goldsmith
et al. [74] was used. Stable isotopic values of δ18O and δ13C in the carbonate cement
were measured using an automated carbonate preparation device (KIEL-III) coupled to a
gas-ratio mass spectrometer (Finnigan MAT 252) at the Environmental Isotope Laboratory,
Geosciences Department, University of Arizona. The cement was separated using a micro-
drill to avoid contamination. Powdered samples were reacted with dehydrated phosphoric
acid under vacuum at 70 ◦C. The isotope ratio measurement is calibrated based on repeated
measurements of international reference materials (NBS-19 and NBS-18) and precision is
±0.10‰ for δ18O and ±0.08‰ for δ13C (1 sigma). The isotopic values are reported relative
to the Vienna Pee Dee Belemnite (VPDB) international standard [75]. To distinguish the
type of porewater from which the carbonate cement is precipitated, the Z value [76] is
calculated as follows:

Z = a (δ13C + 50) + b (δ18O + 50)

where a and b are constant values equal to 2.048 and 0.498, respectively. Z values >
120 indicate a cement of marine water origin, whereas values <120 suggest a cement of
freshwater origin. The morphology and microstructures of the cement were examined
using scanning electron microscopy (5 kV accelerating voltage, SEM-EDS, JSM-6360 LA,
JEOL) at Kafrelsheikh University, Egypt. The Mg mass % of the cement was determined
for two samples (HMD3 and HMD7) using EDX.
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Figure 2. The sedimentary log, location of analyzed samples, and the lithofacies characteristics that
were recognized from the Al-Mejarma beachrock (see Figure 1 for location).

5. Results

An interesting beachrock crops out along the eastern shoreline of Al-Mejarma Lagoon
displaying relatively high-energy sedimentary structural and textural attributes. It extends
for 400 m in a NNW-SSE direction parallel to the Red Sea shoreline and about 7 m inland
with a thickness of 1.15 m (Figures 2 and 3a). The composition and texture of the beachrock
are texturally and compositionally different from the surrounding lagoonal and tidal flat
unconsolidated sediments.
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Figure 3. Field photographs showing the characteristic features of the beachrock of the Al-Mejarma:
(a) An overview of strike and inland extension of Al-Mejarma beachrock. This part shows the
seaward inclined foreshore sandstones (lithofacies 6); (b) General overview showing breakdown
and sliding of beachrocks due to modern wave erosion. The person is 1.7 m tall; (c) Coarse-grained
pebbly sandstones of lithofacies 1 overlain by wave ripple cross-laminated sandstones of lithofacies 2;
(d) Low-angle cross-lamination of lithofacies 3; (e) Ripple cross-laminated (lithofacies 4) showing
foresets draped by mica and foresets dipping toward N and NNE, and low-angle planar cross-
laminated medium-grained sandstones of lithofacies 5 with foresets trending SSE, and (f) Low-angle
tabular cross-laminated medium-grained sandstones of lithofacies 5. Note the current directions
towards SSE and NNE. The scale is hammer = 0.33 m, pen in (d–f) = 0.14.

5.1. Morphology and Lithofacies

The beachrock occurs from 1.2 m above the mean sea level (MSL) in the form of tabular
horizontal to slightly inclined cemented horizons. The cemented beachrock horizons
consist of massive, planar, and ripple cross-laminated sand with foresets trending parallel
to slightly oblique to the Red Sea coastline (Figure 3a,b). Textural characteristics and
sedimentary structures were used to subdivide the studied beachrocks into six vertically
stacked lithofacies (Figure 2). Lithofacies 1 is defined from the base of the beachrock
successions. It is about 0.15 m thick and consists of sharp-based massive to normal graded,
poorly sorted, coarse- to very coarse-grained sandstone containing dispersed granules of
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lithic fragments and skeletal remains (Figure 3c). The basal part is substantially coarser.
Laterally, it shows indistinct planar cross-laminations defined by variations in grain size.
Lithofacies 2 consists of a 0.1 m thick sharp-based, wave ripple cross-laminated, moderately
sorted, coarse-grained sandstone (Figure 3c). Lithofacies 3 is about 0.25 m thick, planar-
laminated to low angle cross-laminated, moderately sorted, medium- to coarse-grained
sandstone (Figure 3d).

Lithofacies 4 consists of a 0.2 m thick, moderately well-sorted, medium-grained
sandstone, displaying current ripple cross-laminations with foresets dipping to N and
NNE defined by mica concentrations (Figure 3e). Lithofacies 5 consists of a 0.2 m thick,
moderately well-sorted, medium-grained sandstone displaying small scale planar tabular
to low-angle cross-stratification with foresets showing paleo flows towards NNE and SSE
(Figure 3e,f). Lithofacies 6 occupies the upper part of the beachrock exposure showing
gently inclined geometry dipping about 9◦ towards the west (seaward). It consists of a
0.25 m thick, plane to low-angle parallel-laminated, moderately well-sorted, medium- to
coarse-grained, occasionally pebbly sandstone with foresets defined by heavy mineral
laminae (Figure 3a).

5.2. Framework Composition and Cement

The framework composition includes mixed siliciclastic and biogenic calcareous
grains of variable sizes ranging from silt to granule size (Figure 4). Siliciclastic grains
are dominated by quartz: mono- and polycrystalline, silt to gravel size, angular to well-
rounded grains. Feldspars are the second most abundant siliciclastic grains including both
K-feldspars and plagioclase (Figure 4a,b). In addition, relatively rare biotite, amphiboles,
heavy minerals, and basaltic and chert lithic fragments are recorded. The skeletal remains
are dominated by coralline algae and benthic foraminifera (Figure 4a,b). Remains of
bivalves, gastropods, echinoids, corals, and ostracods occur with relatively low abundance.
The CaCO3 content of the bulk samples (Table 1) varies between 31 and 68% (mean
48%). The XRD analysis shows that the bulk mineral composition is dominated by quartz,
plagioclase, K-feldspars and high Mg-calcite (mol% of MgCO3 varies between 13 and 16%),
and traces of amphiboles. EDX analysis of the cement shows that the Mg mass % in samples
HMD3 and HMD7 are 3.55 and 0.72%, respectively. High Mg-calcite (HMC) cement occurs
dominantly as pore-filling and isopachous rims around grains (Figure 4c,d), and rarely
as microcrystalline meniscus bridges linking grains (Figure 4b). It occurs as subhedral to
euhedral crystals, which may have a blade-shape and scalenohedral forms (Figure 5a–d).
The scalenohedral crystals in the upper part have a morphology that exhibits dissolution
features such as corroded or cracked surfaces (Figure 5e,f).

199



J. Mar. Sci. Eng. 2021, 9, 1012

Figure 4. Photomicrographs showing the framework composition and the cement in the beachrock
of Al-Mejarma: (a,b) Varieties of siliciclastic grains dominated by mono- and polycrystalline quartz
(Qz) and feldspar (fels) mixed with skeletal remains dominated by benthic foraminifera (bf), coralline
red algae (alg), bivalves (bv), and intergranular pores (p); the grains are cemented by HMC mainly
in the form of isopachous rims and rarely as microcrystalline meniscus bridge between grains
(yellow arrow); (c,d) HMC cement grows as isopachous fringes with elongated bladed crystals
regularly surrounding skeletal remains and filling the intragranular pore (IntP) in the foraminifera
test. (The scale bar in (a,b) = 200 μm and in (c,d) = 40 μm).

Table 1. The CaCO3 content of the bulk beachrock samples and stable isotope, and Z values of
carbonate cement in the Al-Mejarma beachrock. The isotopic values are normalized to Vienna Pee
Dee Belemnite (VPDB).

Sample CaCO3 % δ13CVPDB δ13OVPDB Z

7 68 3.64 0.54 135.0

6 31 3.75 0.31 135.1

5 54 3.78 0.10 135.1

4 52 3.88 0.68 135.6

3 51 3.48 0.37 134.6

2 48 3.32 0.33 134.3

1 36 3.65 0.73 135.1

Min 31 3.32 0.10 134.26

Max 68 3.88 0.73 135.58

Mean 48 3.65 0.44 134.98
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Figure 5. SEM photomicrographs showing the characteristic features of the HMC cement in the
beachrock of Al-Mejarma: (a,b) Isopachous rim with scalenohedral HMC crystals; (c–f) HMC cement
with bladed morphology, with crystal showing dissolution features of rounded corroded crystal
outlines in HMD7 (e,f).

5.3. Oxygen and Carbon Isotopic Data

Stable isotope (δ13C and δ18O) data for the seven studied beachrock samples are
shown in Table 1. Generally, the δ13CVPDB values of calcite cement vary between 3.32‰
and 3.88‰ (mean 3.65‰), and the δ18OVPDB values range from 0.10‰ to 0.73‰ (mean
0.44‰). The calculated Z values for the Al-Mejarma beachrocks range from 134.3 to 135.6
(Table 1) indicating a marine origin for the cement.

6. Discussion

The calcareous sandbody bordering the eastern shoreline of Al-Mejarma Lagoon dis-
plays cross-lamination, a medium to coarse grain size, with granules and shell fragments
indicating a relatively high-energy marginal marine depositional setting [77], which con-
trast with the adjacent low-energy lagoonal environment. It suggests that the geometry
of the paleo-coastline at the time of the sandbody formation was different compared to
the current situation. As discussed in the following sections, the elongated, coast-parallel
geometry, texture, framework composition, and the bladed and cryptocrystalline high
Mg-calcite cements of marine origin, all point to a beachrock origin [19,20].
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6.1. Depositional Setting

The shoreline aligned sandbody, the lithofacies characteristics, the absence of fine-
grained sediments, and the presence of reworked shell fragments suggest deposition
either as prograding upper shoreface-beach deposits of a strandplain or a coastal barrier
spit/island [2,4–6,78–80]. Coastal barriers and strandplains are prominent depositional fea-
tures supplied and molded almost entirely by marine processes. They consist of sandbodies
of similar origin and facies characteristics. They are highly dynamic and show signifi-
cant facies variability even within minimal thicknesses [1,80]. Contrary to strandplains,
coastal barriers are elongate sandy islands, of different width, parallel to the shore and
separated from the mainland by lagoons [81]. The association of the present beachrock with
a back-barrier lagoon (Al-Zubeiri, pers. comm. 2021) excludes a strandplain origin [82].
Beachrocks on barrier island/spits are not recorded from the Red Sea, whereas beachrocks
associated with a strandplain are recognized from Al-Shuaiba [33].

The formation and evolution of coastal barriers/spits are largely controlled by avail-
ability of mobile sediments, hydraulic (wave and tide) energy, sea-level (SL) changes and a
low-gradient profile to provide space for a back-barrier lagoon to form [4,5,78,80,83–85].

6.2. Source and Availability of Sediments

The composition and the availability of sediments for building coastal barriers depend
largely on the regional geology and climate. Modern-day siliciclastic barriers are recognized
from humid regions covering about 12 to 13% of the world’s coasts [6,78,80], whereas
carbonate barriers are developed under arid to semi-arid climate comprising only 1% [4].
Barriers develop when the supply of bulk sediments from alongshore or offshore sources
are plentiful. The source of sediments needed for building barrier island/spits vary
widely. The sediments of some barriers, such as Provincelands Spit in northern Cape
Cod, Massachusetts, and Lawrencetown barrier along the northeast shore of Nova Scotia,
may be derived from eroding headlands [86,87]. The late-Holocene carbonate spits at
Al Dakhirah, Qatar, Arabian Gulf, were derived from the erosion of shore-parallel reefal
materials seaward and from the downdrift ‘headland’ [4]. The sediments for barrier
systems may also be derived from the inner continental shelf or derived directly from
rivers. For example, Sloss et al. [88] suggested that the sediments which built the barrier
estuary system in the Lake Illawarra, New South Wales, Australia, were derived from
sediments stored on the continental shelf during the last glacial sea-level fall. In addition,
an inner shelf source of reworked cool-water biogenic sediments was recognized for barrier
construction in South Australia [89].

The framework composition of the Al-Mejarma beachrock consists of a mixture of
calcareous skeletal remains, representing communities living in the inner shelf, and land-
derived siliciclastic terrigenous sediments that were discharged offshore from the sur-
rounding catchment. In the area of study, there is no preserved headland on the downdrift
side and siliciclastic detritus was derived from the Al-Lith volcanic belt in the hinterland
to the east. Thus, the beachrock composition reflects a period of sediment availability,
coastal zone morphology, lagoonal extension, and hydrodynamic forcings different from
the current situation.

The modern nearshore area receives very little or negligible terrigenous sediments
because of the extremely arid climate and the very low precipitation rates and runoff,
which are unable to activate wadis [90]. Therefore, the coarse siliciclastic sediments in
the beachrocks must have been discharged into the coastal area during a period of rela-
tively higher precipitation rates and greater runoff compared to the present-day climatic
conditions. This humid interval may be correlated with the early-middle Holocene pe-
riod [39,90]. The mid-Holocene humid climate with an annual monsoonal precipitation
rate of 400 mm/y was recorded by geological and geoarchaeological features in Arabia
and North Africa [40,61]. During this humid interval, floods may have been more frequent
than they are today, and were perhaps capable of carrying a huge amount of siliciclas-
tic sediment to be discharged into the offshore. The sediments that were delivered are
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medium- to very coarse-grained, occasionally pebbly, and mineralogically and texturally
submature. Therefore, the heterogeneous composition of the beachrock suggests that the
terrigenous siliciclastic sediments spent significant time on the inner shelf and mixed with
autochthonous calcareous biogenic sediments. These sediments were later transported
shoreward by energetic flows from offshore and by onshore and longshore drifts, and
they migrated landward forming a shoreface-beach barrier bordering the Al-Mejarma
Paleolagoon during the middle and late Holocene sea-level highstand and fall.

6.3. Sediment Transportation and Deposition

Onshore and alongshore sediment transport that is necessary for the formation of bar-
rier systems is significantly controlled by hydrodynamic wave energy and wave-induced
currents [91]. Although rare, barrier systems are recognized from hypertidal coasts [91],
whereas they typically characterize microtidal coasts with wave heights less than 2 m [92].
The Red Sea coast is suitable for the formation of coastal barriers because of its limited tidal
range and average wave height (<2 m). The sediments of the Al-Mejarma beachrock lack
sedimentological size alternation reflecting stability in sediment supply and almost contin-
uous sediment transport. In such an arid region, the study area lacks perennial streams
and, therefore, contemporaneous supply by longshore drift from deltas at the mouths of
wadis is also excluded. Instead, the stored offshore sediments were moved onshore from
the inner shelf during long-term accretionary wave conditions. In contrast, the formation
of coastal barriers in humid regions suggest a continuous longshore supply of river mouth
coarse siliciclastic sediments [78,80]. In this setting, the onshore movement of sediments
that come from the inner shelf, is much less efficient than alongshore movement because
normal fair-weather wave action is thought to preferentially move sediment onshore from
relatively shallow depths (i.e., the upper shoreface [89,93,94]).

Sedimentary structures and bedding style in the Al-Mejarma beachrock indicate
deposition in an upper shoreface to beach environment with the role of wind-generated
waves and currents as driving forces for sediment transport and deposition. Graded beds
with sharp erosive base together with wave rippled, horizontal to slightly inclined planar
laminated coarse-grained sandstones (lithofacies 1–3) strongly indicate high-energy storm
events. Cross-lamination with foresets trending parallel to or slightly oblique to the Red
Sea shoreline (lithofacies 4 and 5) were formed by the migration of straight-crested mega-
ripples in the surf (upper shoreface) zone by longshore flow [95]. The gently seaward
inclined strata, planar, and low-angle stratifications with foresets defined by heavy minerals
suggest deposition of lithofacies 6 by wave swash and backwash in the foreshore [77,96].

The major depositional processes operating on barrier systems are wind-driven
waves [97]. When waves approach shorelines obliquely, they generate longshore cur-
rents, which transport sediments parallel to the shoreline, and form spits and barrier
islands [78,97]. As the wind systems change seasonally, the direction of wave approach
and resulting longshore current systems also change seasonally [97,98]. Measured paleo
flow trends in the Al-Mejarma beachrock are largely towards NNE and SSE parallel to
slightly oblique the Red Sea shoreline. This trend reflects the direction of the longshore flow
following the direction of wind stresses. The prevailing winds from the NNW in summer
would have generated appreciable and significant SSE longshore drift that was capable
of transporting sediments towards SSE. The wind direction is reversed in winter and the
southern and central Red Sea regions up to latitudes of N 20–25◦ are strongly influenced by
the strong Indian monsoon-related SSE winds [53]. As a result of the southerly monsoon-
related winds, there would have also been a strong net sediment transport northward
producing NNE-trending cross-beds.

6.4. Sea Level and Climate Controls

The Holocene sea level and climate changes played a significant role in the formation
of the barrier system and the coastal evolution at Al-Mejarma. Sea-level changes regulated
sediment dispersion, transportation, and shoreline trajectory, whereas climate controlled
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sedimentation rate. The Al-Mejarma area was subaerially exposed during the Last Glacial
Maximum (LGM), and was subsequently inundated by the post glacial rapid sea-level rise
as the sea level rose to its present level or slightly higher during middle Holocene [56,61,99].
The humid mid-Holocene period coincided with a relative sea-level highstand as reported
in many localities in the Red Sea area [61,64,90]. The sea level was 0.5–1.0 m higher than its
present level [61,99], which accounts for the raised elevation of the Al-Mejarma beachrock.
Hein et al. [61] reported marine notches and terraces as well as coral reef terraces of the
mid-Holocene age along the Egyptian Red Sea coast suggesting a highstand of 1.1 to 1.8
m above mean sea level. Huge amounts of siliciclastic sediments of different grain sizes
would have been transported to the inner shelf through wadis during this early to middle
Holocene humid period.

Durgaprasada Rao and Behairy [90] attributed the abrupt cessation of coarse silici-
clastic input into the Red Sea coast and subaerial exposure of reef flats to the change of
climate from humid to arid and a drop of sea level by about one meter. Prograding barrier
systems form in a regime of abundant sand supply during a period of sea-level highstand
and fall [79,88,100,101]. The late Holocene climate became extremely arid and the wadis
turned inactive. The sediments that were initially dispersed in the proximal continental
shelf were transferred toward the shoreline by wave action during the transgressive phase,
in what was termed a cannibalistic process [85,102].

The framework composition, lithofacies characteristics, and cementation suggest that
the formation of Al-Mejarma beachrock has been accomplished through two evolutionary
stages (Figure 6a–c) in response to the interplay of the Holocene climate and sea-level
changes. During the middle Holocene sea-level highstand and late Holocene sea-level fall,
continued onshore migration of stored inner shelf sediments forced coastal progradation,
provided a nucleation site for the paleo-barrier system, and caused seaward shoreline
movement (Figure 6a,b). Al-Mejarma Paleolagoon formed and developed simultaneously
with or after barrier formation. Continuous coastal progradation and sea-level fall during
the late Holocene led to a major rearrangement of the depositional system, a gradual
reduction and abandonment of the back-barrier lagoon leaving a lowland area that is filled
with the present-day tidal flat deposits, while a new barrier and lagoon developed seaward
of the old barrier coast and beachrock (Figure 6c).
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Figure 6. Al-Mejarma coastal evolution and depositional model of beachrock formation: (a) A
landward extension of Al-Mejarma Lagoon following the post-glacial sea-level rise, where lowland
coastal areas were flooded; (b) A huge amount of siliciclastic terrigenous sediments were injected
through wadis to the north and south into the Red Sea coastal area and offshore. The sediments were
prograded landward by the action of onshore waves and longshore drift building a shoreface-beach
barrier during mid-Holocene sea-level highstand; (c) Finally, the shoreface-barrier sediments were
emerged, cemented, and the lagoon shrunk to it its current position following the late Holocene
relative sea-level fall and intensive arid climate.

6.5. Origin of Cement

Rapid cementation processes enhance the preservation of beachrock [103].
High-energy wave and current conditions and the relatively coarse, porous, and per-
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meable sediments facilitate the free circulation of seawater allowing supersaturated marine
water to move through the pore system, and helped to precipitate the cement [104].

Petrographic and SEM examinations, XRD data, and the isotopic values of the ce-
ment in the Al-Mejarma beachrock suggest that the regular distribution of isopachous
HMC cement showing prismatic fringes and small equant crystals suggest precipitation
exclusively in a marine phreatic environment [105–107]. In contrast to more humid coastal
beachrock [31], there is no evidence at Al-Mejarma for cementation within the meteoric
environment [105,106,108]. Magnesium calcite cement favors precipitation from seawater,
and lithification either occurs at depth after percolation or seawater evaporation [109].
Similar isopachous rims of HMC blade cement have been documented from the beachrocks
of the Arabian Gulf [110]. The rare occurrence of meniscus cement suggests a subtidal
environment [111].

Carbon and oxygen stable isotopes, in combination with petrographic characteristics,
have been widely utilized to trace the source of carbonate cement and to interpret the dia-
genetic environment and processes of beachrock formation [15,18,107,112–114]. The δ13C
values from the beachrock cement are consistent with the values of marine carbonates [115].
The water from which the cement was derived has relatively homogeneous temperature
and uniform composition as shown by observed isotopic homogeneity of the studied sam-
ples [18,108]. The δ18O isotopes of carbonates normally reflect the temperature, salinity, and
isotopic composition of the fluid from which they precipitate, thus freshwater carbonates
possess negative δ18O values whilst marine cement shows positive values [104]. The posi-
tive values correlate well with cement precipitated under the seawater environment [104].
A low average value of δ18O (0.5‰), similar to the cement data obtained in the present
study, was reported by Holail and Rashed [18] in the Mediterranean and the Red Sea. The Z
values for the Al-Mejarma beachrocks range from 134.3 to 135.6, suggesting that the cement
was generated predominantly from seawater [76]. This is similar to the average Z value
of 135 from the Holocene beachrock in northeastern Brazil that also indicates dominantly
marine cementation [23].

The mild modifications of the initial cement fabrics by etching and dissolution features
observed in the upper part of the beachrock sequence (Figure 5e–f) are possibly related to
rare rainstorms or desert dew. The beachrocks were not exposed to pervasive meteoric
diagenesis. However, calcite cements showing signs of dissolution and depletion of their
Mg content in the upper part of the beachrock profile have been attributed to the effect of
infiltration of meteoric water and subaerial exposure [12,16,17,24].

The Al-Mejarma coastal evolution is in agreement with previous barrier island sys-
tems [88]. The results from this study add greater detail to the development of a beach
barrier system in arid regions. Though the shortcoming of the present study is the lack
of precise dating of the beachrocks, their formation is probably associated with the mid
to late Holocene sea-level and climate changes. The initiation of many modern coastal
barrier-lagoon systems worldwide is linked to the deceleration of sea-level rise and initial
fall between 7000 and 4000 BP [116]. The cementation of Al-Mejarma beachrock may be
correlated with the nearby Al-Shuaiba beachrocks (about 40 km to the north of Al-Mejarma).
The beachrocks of Al-Shuaiba also occur at an elevation of 1.2 m above mean sea level and
dated back as 3160 ± 110 years BP [117].

7. Conclusions

The Al-Mejarma beachrock geometry, orientation, and lithofacies characteristics per-
tain to an upper shoreface to foreshore barrier system formed by onshore and longshore
migration of sand. The framework composition includes mixed siliciclastic and calcareous
biogenic grains of variable grain sizes, ranging from medium sand to granule, cemented
by high Mg-calcite. The cement occurs mainly as an isopachous rim around grains, pore-
filling with scalenohedral and blade-shaped crystals, and rarely forms a meniscus bridge
between grains. The cement developed mainly under marine phreatic conditions and the
uniform δ18O isotopic and δ13C values of the cement suggest that the cement was derived
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mainly from seawaters of constant composition and temperature. The scalenohedral crys-
tals in the upper part of the beachrock exhibit dissolution features possibly related to the
rare rainstorms and desert dew.

The coastal evolution and the formation of the Al-Mejarma beachrock reflect the
effect of the Holocene sea-level and climate changes. During the early-middle Holocene
humid interval, huge amounts of siliciclastic sediments were transported through wadis
from the Arabian Shield and stored offshore. These siliciclastic sediments along with
shallow marine calcareous skeletal remains migrated shoreward to the east, SSE, and NNE
by wind-generated onshore waves and longshore drift to form a barrier island/spit in
the Al-Mejarma area during the middle and late Holocene sea-level highstand and fall.
The beachrock sediments were preserved by rapid marine cementation. The late Holocene
sea-level fall, and a progressive increase in aridity, led to the emergence of the shoreface-
beach barrier. In addition, the Al-Mejarma Paleolagoon was gradually infilled, becoming
shallower and closed, while a new lagoon formed seaward of the beachrock.
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Abstract: The present study concerns the Holocene inland beachrocks that are exposed in the Red Sea
coastal plain at the mouth of Wadi Al-Hamd, South Al-Wajh City, Saudi Arabia, and their utility as an
indicator for Holocene climate and sea level changes. In addition, the framework composition, and
carbon and oxygen isotopic data, are employed to interpret the origin of their cement. The beachrock
consists mainly of gravel and coarse-grained terrigenous sediments dominated by lithic fragments of
volcanic rocks, cherts and rare limestones along with quartz, feldspars and traces of amphiboles and
heavy minerals. In addition, rare skeletal remains dominated by coralline algae, benthic foraminifera
and mollusca remains are recognized. The allochems are cemented by high Mg-calcite (HMC) formed
mainly in the intertidal zone under active marine phreatic conditions. The cement takes the form
of isopachous to anisopachous rinds of bladed crystals, micritic rim non-selectively surrounding
siliciclastic and skeletal remains, and pore-filling micrite. Pore-filling micrite cement occasionally
displays a meniscus fabric, suggesting a vadose environment. The δ18O and δ13C values of carbonate
cement range from −0.35‰ to 1‰ (mean 0.25‰) and −0.09‰ to 3.03‰ (mean 1.85‰), respectively,
which are compatible with precipitation from marine waters. The slight depletion in δ18O and δ13C
values in the proximal sample may suggest a slight meteoric contribution.

Keywords: beachrocks; paleoshoreline; Holocene sea-level and climate changes; Wadi Al-Hamd;
Red Sea

1. Introduction

The development of the Red Sea coastal zone is an important axis in the new eco-
nomic vision of Saudi Arabia. Development plans and the forecasting of future changes
along the Red Sea coastal area should take into account Holocene sea level and climate
changes. The impact of Holocene sea level and climate changes, and their influence on the
depositional and erosional processes of the coastal zone, is a pertinent topic in geological
and archaeological research and coastal zone development plans [1]. The Holocene sea
level rose rapidly from the Last Glacial Maximum (LGM) until 6–7 ka ago, when most of
the continental ice sheets melted [2]. Correspondingly, the climate was more humid during
that time, and turned extremely arid starting from about 5 ka ago [3]. During the humid
early and middle Holocene, floods may have been more frequent than they are today, and
perhaps more capable of carrying a larger coarse sediment load.

Several proxies have been utilized worldwide to infer Holocene climate and sea
level changes. These proxies include shoreline shifts and subsequent vertical variations
in sedimentary facies [4–7], temporal variations of microfossils [8,9], beachrocks, marine
notches and raised coral reefs [10–14]. Recent descriptions of coastal sedimentology of the
tropics and warm temperate zones render beachrocks as potentially useful indicators of
sea level and climatic changes and former paleoshoreline positions [13,15,16]. Beachrocks
are an outstanding sea level proxy since they hold information on not only the vertical but
also the lateral evolution of the shoreline [17,18].
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Beachrocks are carbonate cemented littoral sediments of different compositions (ter-
rigenous, biogenic and anthropogenic) and grain sizes (sand to gravel) typically found
within the intertidal zones and, rarely, in supratidal and lower subtidal zones along low
latitude coastlines ([15,19–22]. The cementation process is accomplished under various
climatic conditions by supersaturation of interstitial water, intensive evaporation, mixing
of marine and meteoric waters [23], CO2 degassing of intertidal groundwater [24] and
by the aid of biological activities [25]. The texture, microfabrics and mineralogy of car-
bonate cements provide information about the formation mechanisms and environmental
conditions of cementation.

Beachrocks of different composition and grain size are distributed intermittently along
the Saudi Red Sea and the Gulf of Aqaba coasts. They consist mainly of gravel- and sand-
sized siliciclastic grains and/or calcareous skeletal remains, cemented by aragonite and/or
high Mg-calcite (HMC) and, rarely, low Mg-calcite [22,26–29]. The beachrocks along the
Saudi Red Sea and the Gulf of Aqaba coasts have received little attention compared to the
Egyptian and Jordanian coasts ([19,25,30–32]. An interesting, not previously documented
beachrock crops out far inland, 1.1 km from the recent shoreline at the mouth of Wadi
Al-Hamd, 50 km south of Al-Wajh City, at latitude N 25◦ 57.737′ and longitude E 36◦ 42.721′
(Figure 1). This implies an in-situ cementation at the intertidal level within the sedimentary
pile after deposition. The present study aims to interpret the depositional setting of these
beachrocks and their relationship to Holocene climate and sea level changes. The study will
further determine the cement’s mineralogical composition and microfabric in an attempt
to gain information about the source of cement.

 

Figure 1. Landsat image shows the area of study and the location of the beachrock exposure at the
mouth of Wadi Al-Hamd.
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2. Area of Study

The area of study is located at the mouth of Wadi Al-Hamd, northern Red Sea, about
55 km south of Al Wajh City, Saudi Arabia, at latitude N 25◦ 57.737′ and longitude E 036◦
42.721′ (Figure 1). Wadi Al-Hamd is one of the largest wadis shedding the Arabian Shield
in northern Saudi Arabia. It extends from mountain scarp near Al-Medina City, flows
inland to NW and discharges sediments and freshwaters into the Red Sea. For most of
the year, Wadi Al-Hamd is extremely dry; however, in the winter (October and March), it
temporarily activates during episodic major flood seasons in the form of short-duration
showers generally associated with thunderstorms. The climate in the area is identified
by its arid desert; dry, hot summers with maximum daily temperatures that range from
20 ◦C to 35 ◦C in January and up to 48 ◦C in July. The precipitation rate ranges from
0.5 to 116 mm/year, whereas the evaporation rate is high, up to 2 m3/year or slightly
more [33]. The prevailing winds are from the NNW to SSE over the entire year with speed
varying from 2 to 10 m/s [33]. Wave heights of up to 2.5 m and, rarely, up to 4 m are
generated by the strong onshore-directed winds. The area has a semidiurnal microtidal
regime, with a spring and neap tidal range of 0.7 m and 0.5 m, respectively. Although
relatively weak, the strength of flood tidal currents is stronger than the almost insignificant
ebb currents. From an aerial view, the clastic-dominated coast of Wadi Al-Hamd is linear
to slightly arched, projecting itself seaward at the mouth of the wadi. It is an asymmetric
lobate delta, flanked to the north by a narrow strandplain with a relatively steep foreshore
profile and a wide, low gradient intertidal flat to the south, separated by a low relief
beach ridge [5,34]. Sabkhas and coastal sand dunes occupy the flood plain, while the
channel is barred seaward by a low relief beach ridge with back-barrier swale separating
the channel from the sea. The strandplain to the north contains a series of sand bars and a
runnel system running parallel to slightly slanted to the shoreline [5]. A fringing reef and
mangrove tickets occur to the north and away from the influence of wadi sedimentation.
The nearshore sediment composition is dominated by detrital siliciclastic minerals, which
are dominated by plagioclase with subordinate feldspars, amphiboles and traces of heavy
minerals [35].

The coastal plain of the area south Al-Wajh is covered by Quaternary siliciclastic
sediments (Figure 2). The sediments are derived mainly from the Precambrian Basement
Complex of the Arabian shield and the Cenozoic volcanic and sedimentary rocks. These
rocks crop out in the surrounding area and along the axis of the wadi from the catchment
area near Al-Medina City to the downstream area. The downstream area of Wadi Al Hamd
is covered by Quaternary alluvial terraces in the lower part consisting of consolidated,
very coarse sediments of Pleistocene age, overlain by Recent unconsolidated gravel and
sand [35–37].
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Figure 2. Simplified geologic map of the area of study (adapted from [37]).

3. Materials and Methods

Five samples were collected from the beachrock exposure at the mouth of Wadi Al-
Hamd (Figure 3). Thin sections were prepared following traditional methods at the Petrol-
ogy Lab, Faculty of Sciences, Cairo University. The thin sections were investigated by a
petrographic microscope, in order to determine textural attributes, pores, framework grains,
cement morphology and micro-structures. The morphology and micro-structures of the ce-
ment were examined using SEM. The mineral composition was determined using powder
X-ray diffraction (XRD). The CaCO3 content was determined using pressure-calcimeter [38].
Stable isotopic values of oxygen and carbon (δ18O and δ13C) of the carbonate cement were
estimated for five samples using an automated carbonate preparation device (KIEL-III)
coupled to a gas-ratio mass spectrometer (Finnigan MAT 252) at the Environmental Isotope
Laboratory, Geosciences Department, University of Arizona. The cement was carefully
separated using a micro-driller to avoid contamination. The cement was then reacted
with dehydrated phosphoric acid under vacuum at 70 ◦C. The isotope ratio measurement
is calibrated based on repeated measurements of NBS-19 and NBS-18, and precision is
±0.10 ‰ for δ18O and ±0.08‰ for δ13C (1 sigma).
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Figure 3. Field Photographs showing the characteristic features and locations of the samples of the
beachrock at the mouth of Wadi Al-Hamd. (a–c) The near horizontal to gently westward inclined
gravel-rich proximal strata. (b) Close-up view of sample HMD1, showing normal grading from well-
rounded gravel to massive sands. (d) Westward gently inclined graded bedded strata. (e) Fracture
system in the distal beds. (f,g) Close-up view showing internal features of the poorly-sorted gravelly
sand (HMD5) and the low angle cross bedded with foresets displaying normal grading in sample
HMD 7.

4. Results

Inland beachrocks are exposed at the mouth of Wadi Al-Hamd, South Al-Wajh, at
about 1.1 km to the east of the recent shoreline, formed by an accumulation of coarse clastic
sediments with a westward decrease in the grain size (Figure 3a–g). They occur at about a
meter above the current sea-level and extend for about 60 m in N-S direction and up to
40 m in the E-W direction. They consist of 10 to 20 cm thick tabular beds of well-cemented
terrigenous very coarse sands and gravels gently inclined (<10◦) to the west (seaward)
(Figure 3d). They vary with downdip in the grain size and internal sedimentary structures.
Beds in the proximal part are sharp-based, mantled with poorly-sorted, well-rounded
pebble-grade spherical to elongated, gravel-grade sand, and vertical to well-sorted sand
(Figure 3b). In the distal location, beds vary from massive, parallel horizontal laminated and
planar cross-stratified, with foresets defined by gravel concentration and displaying normal
grading (Figure 3f). They are fractured orthogonally to the bedding plane (Figure 3e). Body
and trace fossils are not recognized in the exposed rocks.

4.1. Framework Composition and Cementation

The beachrocks of Wadi Al-Hamd cover a range of grain sizes, varying from gener-
ally poorly- to moderately-sorted sandy conglomerate to gravelly sandstones. Pebbles
are rounded to subrounded and consist of lithic fragments, dominantly basalt and chert.
Thin-section investigations showed that the framework composition consists mainly of sili-
ciclastic grains, dominated by mono- and polycrystalline quartz, feldspars, lithic fragments
of quartzite, basalts, chert and rare limestones, amphiboles and rare heavy minerals rutile
and tourmaline (Figure 4a–h). The siliciclastic terrigenous grains are derived from rocks
of the Hijaz and Midyan terranes and from the Quaternary limestones in the hinterland.
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Skeletal remains (Figure 4b,d,f) are very rare (<2%) and dominated by algae, bivalves,
echinoids, gastropods and larger benthic foraminifera. The skeletal remains were possibly
transported by a longshore drift from offshore. The original porosity of the beachrocks
was intergranular (and very rarely intragranular) and was totally to partially occluded by
cementation and, locally, by internal sediments. The CaCO3 content is generally low to
moderate, varying from 28 to 53% with an average of 25% (Table 1).

 

Figure 4. Photomicrographs showing the framework composition and the cement morphology in the
Wadi Al-Hamd beachrocks. (a–c,f) The beachrock consists mainly of siliciclastic grains surrounded
by isopachous Mg-calcite cement, a blade shape with a micritic base (red arrows). Pore-filling micrite
taking a meniscus fabric is shown by yellow arrow in a. (a,b): sample HMD 1, (c): sample HMD 6,
(d): sample HMD 7. (e,g,h) Samples HMD 2 and 5, showing the isopachous HMC cement that takes
a blade shape without micritic base. (The bars in (a–f) = 200 μm, and in (g) and (h) = 40 μm).
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Table 1. The oxygen and carbon stable isotope, Z values and CaCO3 % content of the Wadi
Al-Hamd beachrocks.

Sample δ 13CVPDB‰ δ 18OVPDB‰ Z Values CaCO3%

HMD 1 −0.09 −0.22 127 28
HMD 2 3.03 1.00 134 29
HMD 5 2.02 0.74 131.8 27
HMD 6 2.41 0.08 132.3 29
HMD 7 1.89 −0.35 131 53

The cement takes the form of isopachous and anisopachous bladed crystals up to
18.4 μm surrounding grains, micrite envelope and pore filling microcrystalline cement
(Figure 4a–h). Isopachous rims around the grains are non-selective, covering both silici-
clastic and carbonate grains (Figure 4b–d). The cement lines grains or completely fills the
intergranular pores (Figure 3g,h). Some grains are surrounded directly by isopachous blade
crystals, and some display micritic base as a first generation of cement, followed by the
bladed crystals. The crystals of the rims are arranged sub-perpendicularly to chaotically on
the surface of siliciclastic grains (Figure 5a–h). SEM analysis shows that radial aggregate
encrusting a previous, bladed cement is observed (Figure 5e). In addition, the micritic
cement is associated in sample HMD 5 with filaments (Figure 5c,d). The cement consists
mainly of high-Mg calcite, as revealed by XRD, petrographic and SEM investigations.

4.2. Carbon and Oxygen Stable Isotopes

Carbon and oxygen stable isotopes are widely used to determine the origin of the
water from which the cement is precipitated [39–41]. The overall δ13CVPDB values of the
cement vary between −1.09 ‰ to 3.03 ‰ (mean 1.85‰), and the δ18OVPDB values range
from −0.35 ‰ to 1.00 ‰ (mean 0.25‰) (Table 1). Only the cement of the most proximal
sample (HMD1) is depleted in oxygen and carbon isotopic values (−0.09 and −0.22‰,
respectively). However, the average δ13CVPDB and δ18OVPDB values are higher than the
limit established for modern marine carbonates (δ13CVPDB; −2.00‰) and modern seawater
(δ18OVPDB; −4.00‰) [42].

The δ18O values of the cements of the Wadi Al-Hamd beachrocks are slightly lighter
isotopically than those recorded from the Egyptian Red Sea and Mediterranean beachrocks [19].
The δ18O and δ13C values of the Mediterranean beachrock cements range between −0.40
and +1.20‰ (mean of + 0.50‰) and +1.00 to +2.10, respectively. On the other hand, the
δ18O and δ13C values of the Red Sea beachrock cements range between −0.10 and +1.20
(mean of +0.50‰) and from +2.10 to 4.50%, respectively [19]. Therefore, it appears that the
mean values of oxygen and carbon isotopic compositions are relatively identical for the
cements of both localities (Figure 6).

218



J. Mar. Sci. Eng. 2021, 9, 984

 

Figure 5. SEM photo micrographs showing the characteristic features of the carbonate cement in the
Wadi Al-Hamd beachrocks. (a,b) HMC blades surrounding grains and the crystals show random
orientation (sample HMD 1). (c–e) Isopachous HMC calcite blades grow perpendicular to the grain
surface (sample HMD 5). The length of the blades is up to 18.3 μm; note the organic filaments (yellow
arrows) that support the contribution of algal activity in cement formation. Small radial aggregate
encrusting the bladed cement is shown by red arrows. (f–h) Pore-filling HMC calcite cements taking
a well-developed bladed shape (sample HMD 7) surrounding quartz (Qz).
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Figure 6. Bivariate plot between carbon and oxygen stable isotope composition of the Wadi Al-Hamd beachrocks and
other beachrocks in the Arabian and Aqaba gulfs [32], Bahamian beachrocks [43], Red Sea and Mediterranean Sea [19],
Mediterranean beachrocks of Israel [42].

The Z value [44] is determined to distinguish the type of porewater from which the
carbonate cement is precipitated. The Z value is calculated as follows:

Z = a(δ13C + 50) + b(δ18O + 50)

where a and b are constants values equal 2.048 and 0.498, respectively. Z values > 120
indicate a cement of marine-water origin, whereas values < 120 suggest a freshwater origin.
The Z values obtained for the studied samples, ranging from 127.003 to 134.006‰ (average;
131.22‰), suggest that the cement was generally generated by a dominantly marine origin.

5. Discussion

The grain size, sedimentary structures, framework composition and cement compo-
sition and fabric of the Wadi Al-Hamd beachrocks provide information of the climate
and sea level changes surrounding it. The data indicate that the climate was more humid
during the deposition of the sediments constituting the beachrock, and the sea level was
higher than its present position. The prevalence of siliciclastic coarse sediments in the
beachrocks suggests a period of active wadi discharge. The low content of CaCO3 reflects
the dominance of siliciclastic terrigenous constituents. The CaCO3 content is attributed to
the carbonate cement and rare calcareous skeletal remains. Active wadi discharge is related
to a humid climate with relatively high rates of precipitation. In general, coarse clastic
sediments are remarkably absent or constitute only a minor proportion of the modern Red
Sea nearshore sediments [45]. Most wadis (the main conduit of terrigenous sediments)
disappear halfway into the Red Sea coast, and very little fine-grained terrigenous sediments
arrive to the nearshore zone because of the extreme aridity. The modern unconsolidated
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beach and nearshore sediments consist mainly of fine- to medium-grained sands [46]. Simi-
larly, the shallow subsurface sediments of the wadi mouth and nearshore environments are
dominantly medium- and, rarely, coarse-grained sands [47], finer than that of beachrocks.
The gravel-rich beachrocks at the mouth of Wadi Al-Hamd were transported, therefore,
and deposited by a greater runoff, under a much more humid climate than what prevails
today. This humid interval possibly coincides with the middle Holocene pluvial period [45].
Several examples have been reported from inland basins and Red Sea coastal zones in
western Saudi Arabia, suggesting a middle Holocene long-term climatic humid climate
([6,9,45,48]. The carbon and oxygen isotopic data of the Gulf of Aqaba fossil corals suggest
that the climate of the area was humid prior to 4.9 ka ago, and that after that, the climate
turned extremely arid [49]. Evidence for regional aridity starting about 5 ka has been
reported [3]. The gravel and medium- to coarse-grained sands containing rare skeletal
remains suggest deposition in a relatively higher energy environment. The occurrence
of skeletal remains suggests a marine-influenced environment. The horizontal to gently
seaward inclined beds, displaying horizontal to planar cross lamination, suggest deposition
under variable energy conditions within the beach (upper foreshore) environment [50].

The area of study is situated in a tectonically stable zone [51], which extends from the
north of Al-Wajh City (~N 26◦) to the north of the Al-Quattan (~N 21◦). The occurrence
of the beachrocks 1.1km inland suggests that the sea level must have maintained such a
high position for some time to allow deposition of the coarse sediments. Therefore, during
the deposition of beachrocks the Red Sea coastal plain at the mouth of Wadi Al-Hamd
was flooded during a period of relative sea level rise, and the shoreline migrated farther
inland. The beachrocks under investigation are permanently emergent above the present
high tide level. This may indicate that the sea level during deposition of the beachrock
sediments was 1.3 m, or slightly higher than the current sea level. Along the Red Sea
coastline, a mid-Holocene sea level highstand with high spatial and temporal variability
is observed [51,52]. A sea level up to a maximum of 1–2 m higher than the present was
recorded for the mid-Holocene [51,53].

Cementation Patterns

Petrographic examination and the isotopic values of the cement suggest that cemen-
tation took place in the intertidal environment under marine conditions, and there is no
evidence for cementation within the meteoric environment. The beach setting is ideal
for the precipitation of abiotic marine cements. High energy conditions, including wave
and tidal activity, and relatively coarse, highly porous and permeable sediments, ensure
that adequate volumes of supersaturated marine water are able to move through the pore
system to enable cementation with the aid of hot weather. Interestingly, the samples had
similar cements, indicating that the same processes of cementation occurred.

Clasts cemented with HMC bladed cement indicate cementation in an intertidal zone
under active marine phreatic conditions [54–56]. Similar cement types were reported from
the Mediterranean and Bermuda beachrocks, and were interpreted as a product of marine
cementation [57]. The micrite HMC cement, with local occurrence of organic filaments in
the studied beachrocks, may be related to biological activity. The role of micro-organisms
in the formation of micrite cement has been reported by several authors [25,58]. Micritic
pore-fillings suggest the involvement of biological activity [55]. In cases of no relict cellular
or laminar structures, micrite cement indicates rapid supersaturation of pore waters and
multiple instances of nucleation [55]. The grain-to-grain meniscal bridges following micrite
encrustations imply vadose conditions [58,59].

Based on the isotopic data, it is apparent that cementation took place within the marine
beach environment. The isotopic values of the cement show mostly positive carbon and
oxygen values. The negative δ13CVPDB and δ18OVPDB values from the most proximal sample
(HMD1) may indicate the possible contribution of fresh water in the cement precipitation.
The depletion in δ18O and δ13C isotopic values of beachrock carbonate cements from Brazil
and the Canary Islands (Spain) were attributed to the slight modification by meteoric water
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at relatively low salinity and at relatively high temperatures [60–62]. The limited isotopic
heterogeneity among samples suggests a stability of water composition and temperature
during the cement formation [19,62]. Isotopic values of most samples plot within the
modern marine beachrock cement field of the Red Sea, Mediterranean Sea, Gulf of Aqaba
and straddle Arabian Gulf field [19,32,42]. The high-Mg calcites both the Arabian and the
Aqaba Gulfs possess relatively depleted δl3C values than those of the cement of the Wadi
Al-Hamd beachrocks. High-Mg calcite precipitated in the present day under warm shallow
seawater is relatively enriched in oxygen (+3.00 ‰) and carbon (+3.5 ± 1.5 ‰) isotopic
values [23,63]. The δ18O (−0.35 to +1.00 ‰) and the δ13C (−0.09 to +3.03 ‰) values of
the high-Mg calcite cement of the Wadi Al-Hamd beachrocks indicate precipitation in
equilibrium with present-day seawater. A value of 0.54 ‰ δ18O indicates cementation in
the intertidal zone [64].

6. Conclusions

An interesting beachrock is exposed 1.1 km inland at the Red Sea coastal plain at the
mouth of Wadi Al-Hamd. It bears criteria that can be used to interpret Holocene climate
and sea level changes. The following concluding remarks are:

1. The grain size, sedimentary structures and framework compositions indicate that the
sediments were derived during humid intervals mainly from a terrigenous source,
with little contribution of marine derived calcareous skeletal remains. They were
deposited in a high-energy beach environment.

2. Deposition in the beach environment suggests that the shoreline backstepped more
landward during a period of relative sea level rise. The beachrock at the mouth of
Wadi Al-Hamd is therefore a paleoshoreline indicator.

3. The suggested humid climate and relative sea level highstand may be correlated with
the middle Holocene humid interval and sea level highstand.

4. The dominant isopachous bladed and micritic Mg-calcite cement suggests that ce-
ment growth in the intertidal zone under active marine phreatic conditions. This is
supported by the isotopic data and Z values that indicate that the cement generally
originated from marine water. The meniscus fabric and the depletion of oxygen and
carbon isotope values in the most proximal sample may suggest a slight contribution
from meteoric water in the vadose environment.
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Abstract: Marine geological studies of Naples Bay are discussed and reviewed, focusing on the
application of the seismo-stratigraphic concepts to a Late Quaternary volcanic area. The Naples
Bay represents an active volcanic area in which the interactions between volcanic and sedimentary
processes controlled a complex stratigraphic architecture during the Late Quaternary period. While
the volcanic processes took place in correspondence with the activity of the Somma–Vesuvius, Campi
Flegrei Ischia, and Procida volcanic complexes, the sedimentary processes were controlled by the
fluvial processes in the Sarno-Sebeto coastal plain and by the tectonic uplift in correspondence with
the Sorrento Peninsula’s structural high Key geophysical and stratigraphic studies of the three active
volcanic complexes are revised and discussed. The seismo-stratigraphic concepts applied in the
geological interpretation of seismic profiles of Naples Bay are reviewed and discussed: here, the
classical concepts of seismic and sequence stratigraphy have been successfully applied, but only
partly, due to the occurrence of several buried volcanoes and volcanic seismic units and tephra layers,
calibrated by gravity cores.

Keywords: marine geology; seismic stratigraphy; sequence stratigraphy; Naples Bay; Somma–
Vesuvius; Campi Flegrei; Ischia; bradyseism; earthquakes; landslides

1. Introduction

The seismic stratigraphy of Naples Bay is herein revised and discussed, starting from
the old (1980–2000) seismo-stratigraphic data and proceeding towards the new (2000–2023)
seismo-stratigraphic data. Focusing on case histories located in the Somma–Vesuvius,
Campi Flegrei, and Ischia and Procida offshore, the technological content of the seismo-
stratigraphic data, if applied to the Naples Bay, is also taken into account, reviewing
the basic seismic systems used in the acquisition of single-channel, multichannel, and
magnetic data.

This introduction assesses reflection seismic overlays, diffraction, seismic sources,
receivers, filters, move out, migration, and deconvolution processes, reporting which
systems were deployed and which data were collected with them [1–4].

The Sparker is among the most important seismic sources for marine surveys and has
been used extensively in Naples Bay, providing high-resolution seismic profiles useful in
geological interpretation. It consists of an electrode array powered by a capacitor bank of a
few hundred joules and has been widely employed as a source for studies of the continental
shelf [1–4].

From 1998 to 2000, a large database of single-channel reflection seismic measurements
has been recorded in the Naples and Pozzuoli Bays by the Parthenope University of Naples,
using both the Multispot Extended Array Sparker (MEAS) [5] and the Surfboom. Both
these systems are suitable for surveying the continental shelf and slope of Naples Bay [5].
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A further development of marine seismic technology in Naples Bay is the Sparker source
SAM 96, employed in Antarctica expeditions from 2001 to the present (Figure 1) [6], which is
characterized by a varying number of electrodes that can be arranged as “dual-in-line”.

Figure 1. SAM 96: Sparker Array Multi-tip (96 electrodes), developed in the framework of the PNRA
(Programma Nazionale Ricerche Antartide) [6].

Boomers (EG&G Uniboom; Figure 2) with pulse lengths of 0.1–0.2 ms have been
developed for reflection profiling in water depths of a few meters [7,8]. The Uniboom
triggers a seismic wave capable of penetrating to significant depths below the seabed. The
Uniboom is composed of an electrical coil magnetically coupled to a plate. It has only been
subordinately used in Naples Bay, where the use of Sparker and Subbottom Chirp seismic
sources has been preferred.

Figure 2. The Uniboom seismic source.
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The post-collapse evolution of the Phlegrean caldera is characterized by unrest and
eruptions. The most recent evolution of the Phlegrean caldera has been characterized
by short-term ground deformation (or bradyseism), culminating in unrest between 1969
and 1972 and between 1982 and 1984. After these bradyseismic crises, the Institute of
Oceanology at the Istituto Universitario Navale (IUN) and the National Research Council
(CNR ISMAR) in Naples, Italy, conducted high-resolution reflection seismic surveys in
the Pozzuoli area [9–14]. These surveys were primarily single-channel, but occasionally
multi-channel. Ranieri and Mirabile [9] studied the deep geological structure of the Campi
Flegrei volcanic complex with the aim of improving knowledge on seismic technologies and
seismic sources more appropriate for the study of volcanic margins. Additional geological
and geophysical findings have been presented by Mirabile et al. [15] for the underwater
volcanic region in Naples Bay.

D’Argenio et al. [10] applied Airgun technologies to the geological study of Naples
Bay, providing interpreted seismic sections of the bay. Some structures are volcanic
and their stratigraphic architecture has been reconstructed in detail [16–22]. Recently,
Giordano et al. [23] have developed a new type of Sparker source that has been tested
along seismic lines located in the Gulf of Pozzuoli and in Naples harbor in order to provide
specific seismic characteristics, which has included its use in shallow water depths and the
recognition of the first sedimentary layers. The graphical interfaces have been provided by
the D Seismic software (version 1), developed in the frame of the PNRA project [24–26].
This software allows for a real-time analysis of the Fast Fourier Transform (FFT) spectrum
of the recorded seismic signals [23].

In this paper, a review of significant seismo-stratigraphic studies performed in Naples
Bay is provided, referring to the key areas of the Somma–Vesuvius offshore, of Naples Bay,
including the Gulf of Pozzuoli, and of the Ischia and Procida offshore, in order to construct
significant stratigraphic correlations in the bay.

2. Geological Setting

The Campania–Latium Tyrrhenian margin is distinguished from a continental slope,
having a complex architecture. This slope bounds the Vavilov basin and is characterized by
a southwards widening, proceeding from the Pontine Islands (20 km wide) to the Palinuro
volcanic complex [27] (150 km wide; Figure 3b). A tectonic sketch map of the Southern
Apennines shows the regional geological setting of the area [28] (Figure 3a). The Southern
Apennines–Calabrian Arc system resulted from the convergence from the Upper Cretaceous
to the Quaternary between the Corsica–Sardinia–Calabria block, of European origin, and
the Apulian–Adriatic block, of African affinity [28] (Figure 3a). This process involved the
subduction of the Neotethys oceanic lithosphere, originally interposed between the two
paleo-continental margins.

Transverse systems along the Tyrrhenian extensional margin of central and southern
Italy have strongly controlled the volcanism [29] (Figure 4). Extensional processes have
affected the Tyrrhenian margin of the Italian Peninsula since the Late Miocene period [30].
The relaxation occurred behind the eastward-migrating Apennine orogen and was largely
controlled by the subduction of the oceanic lithosphere beneath the Calabrian Arc [30–33]
(Figure 4). Along the Tyrrhenian margin of central Italy, active extensional tectonics mi-
grated eastwards from the Tyrrhenian area (mainly during the Miocene–Pliocene) towards
the Apennine divide, where the limit between the extensional and compressional domains
is located [29–33] (Figure 4).
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Figure 3. (a) Tectonic sketch map of Southern Italy (modified after Ciarcia et al. [28]). (b) Shaded relief
bathymetric map of the Latium–Campania continental margin (modified after Gamberi et al. [27]).
The location of seismic profiles shown in this paper has also been reported. Blanked areas correspond
to detailed figures not reported herein.
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Figure 4. Transverse system along the extensional margin of central and southern Italy (modified
after Acocella and Funiciello [29]).

A key seismo-stratigraphic and regional geological study on the Campania Latium con-
tinental margin is that of Sartori et al. [34] (Figure 5). Figure 5 shows seismo-stratigraphic
sections of the relationships between the Campania continental margin and the Marsili
and Vavilov basins, where both continental and oceanic crust have been represented. The
oceanic crust has been calibrated through ODP site 651. This sector is made up of horizontal,
continuous Plio-Quaternary successions and covers an area with an asymmetrical basement.
The sequences are composed of pelagic oozes and turbiditic deposits, the former becoming
more and more prevalent (ODP Sites 650, 651). The Plio–Quaternary depocenters (more
than 1.4 s twt) occur close to the Campania margin (Figure 5), hosted into half grabens and
bounded by faults trending from N–S to NW–SE.

Figure 5. Seismo-stratigraphic sections of the Campania continental margin, showing the relation-
ships with the Vavilov and Marsili basins (modified after Sartori et al. [34]).
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Another important seismo-stratigraphic study is that of Conti et al. [35], focusing on
the tectono-stratigraphic evolution of the Campania continental margin (Figure 6). The
seismic profile TIR10-16, trending from Ventotene to Ischia, displays the extension occurring
on the Campania–Latium continental margin, as shown by the systems of normal faults
trending NE–SW [35] (Figure 6).

Figure 6. Seismic section TIR 10–16 and corresponding geological interpretation (modified after
Conti et al. [35]).

3. Applications of Seismic Stratigraphy

Seismo-stratigraphic concepts and methods have been applied to volcanic
sequences [20,36–40]. The buried volcanoes of Ischia have been studied in detail based on
seismo-stratigraphic methodologies integrated with the Kingdom software (version 2) [20].
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Three serial geological sections, constructed based on seismic interpretation, have shown
the geometric characteristics and the stratigraphic relationships between the volcanic and
the sedimentary units in the northern Ischia offshore. The seismic units have been corre-
lated with the volcanic units’ outcropping in the adjacent northern coastal belt of Ischia [20].
In particular, the V1 seismo-stratigraphic unit is genetically related to a buried volcano
next to the Castello d’Ischia volcanic edifice, located in the northeastern Ischia offshore.
The V2 seismo-stratigraphic unit is genetically related to a lava dome offshore of Mt. Vico,
located in the northwestern Ischia offshore. The V3 seismo-stratigraphic unit is correlated
with the Campanian Ignimbrite (39 ky B.P.) based on seismic facies, stratigraphic rela-
tionships, and correlation with the onshore geological units of Procida and Vivara [21].
Here, a transition from siliciclastic to bioclastic deposits has been highlighted [21]. The
V4 seismo-stratigraphic unit has been correlated with the Sant’Anna lavas (22 ky B.P.).
The V5 seismo-stratigraphic unit is genetically related to the Spiaggia degli Inglesi lava
flows [22]. The V6 seismo-stratigraphic unit has been interpreted as a lava and scoria
volcano, genetically related to the S. Pietro lavas, located eastwards of the Ischia harbor,
where the S. Pietro lavas crop out. The V7 seismo-stratigraphic unit is a shallow buried
volcano resembling a dome or a dyke, uplifting and deforming the surrounding sediments,
and located offshore of Punta della Scrofa (northern Ischia).

Planke et al. [36] have highlighted that the seismic units of volcano stratigraphy con-
sist of landward flows, lava deltas, inner flows, inner SDR (Seaward Dipping Reflectors),
outer high, and outer SDR. A five-stage volcano stratigraphic model has been proposed
for a rifted continental margin, including initial explosive volcanism with the formation of
basaltic complexes poorly imaged on seismic data, effusive subaerial volcanism forming
the inner flows, lava deltas and landward flows’ seismic units, continuing effusive sub-
aerial volcanism forming the inner SDR at the narrowing rift, explosive shallow marine
volcanism including the outer high, and deep marine volcanism forming the outer SDR [36].
Jerram et al. [37] have provided a volcano stratigraphic framework identifying a set of lava
sequences, including tabular simple flows, compound-braided flows, and subaqueously
deposited hyaloclastite facies. Abdelmalak et al. [38] have applied the volcano stratigraphic
model of Planke et al. [36], recording the early encroachment of flood basalt into the basin
and the buildup of a lava delta system. Bischoff et al. [39] proposed the classification
of buried volcanoes into three main geomorphic categories, including the small-volume
clusters, craters, and cones, the wide, composite, shield, and caldera volcanoes, and the
voluminous lava fields. Martì et al. [40] have reviewed the volcano-stratigraphic concepts,
highlighting that different types of volcanic unconformities exist. The first type of volcanic
unconformities (‘minor unconformities’) appear between successive eruptions that are
separated by phases of quiescence, or even between different pulses of the same eruption,
and are not associated with varying dynamics of the volcanic system. The second type
of volcanic unconformities (“moderate unconformities”) are formed during the erosional
processes of previous volcanic deposits, during the deposition of reworked materials and
the formation of paleosoil separating different volcanic deposits. The third type of volcanic
unconformities (“major unconformities”) individuates during the construction of a strato-
volcano and involves sector failures, caldera collapses, and changes in the clustering of the
volcanic cones.

4. Results

4.1. Seismic Stratigraphy of the Somma–Vesuvius Offshore

The seismic stratigraphy offshore of the Somma–Vesuvius volcanic complex, as stud-
ied by several authors, is herein revised [41–49]. Gravimetric data have been used to
complement seismo-stratigraphic knowledge [50]. Bruno et al. [49] have shown the seismo-
stratigraphic setting of the Mesozoic carbonate basement onshore of the Somma–Vesuvius
volcanic complex to be based on multichannel seismic profiles. Three important seismic re-
flectors have been recognized, corresponding with the top of the Meso-Cenozoic carbonate
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sequence, the top of Pliocene deposits, and a strong unconformity within the Quaternary
deposits, respectively (Figure 7) [49].

Figure 7. Sketch diagram showing significant seismic horizons onshore the Somma–Vesuvius volcanic
complex (modified after Bruno et al. [49]).

Three representative examples of the reflective subsurface image from the area are
shown in Figure 7 at 0.5 s, 1 s, and 1.5 s, for two-way time. The three horizons can be
traced within the two other sequences, as well. The Trecase 1 well has calibrated the third
horizon at 1.5 s, concurrent with the top of the carbonate determined down the well. The
low seismic data quality on line 316 does not permit a certain reciprocity of the other two
upper reflectors with the post-Mesozoic stratigraphy. The reflector at around 1 s, with
two-way time, is relevant to the top of the Pliocene sequence beneath the Quaternary
sediments. The uppermost horizon, at about 0.5 s, stands for a strong unconformity
within the Quaternary deposits. The general structure of the carbonate basement is more
composite than a monoclinalic structure, dipping towards the northwest. In general, the
carbonates deepen towards Naples Bay and towards the center of the Campania Plain.
They are downthrown by regional faults, controlling a horst and graben-like structure,
and reach a maximum depth of approximately 2600 m in the Acerra graben, located in the
Campania Plain [49].

Bruno and Rapolla [43] have integrated their previous results through a seismic profile
recorded within the Avellino caldera, at the southwestern edge of the Great Cone of
Vesuvius. An important seismic horizon suggests an SW lateral collapse was undergone
by the volcano, probably between 35 and 11 ky B.P. Buried craters, dykes, and pyroclastic
deposits were discovered on the eastern side of the volcanic complex. The existence of NW–
SE striking faults that cut across Vesuvius has been substantiated, and probably played a
major role in the genesis of the volcano. Ring faults were found mainly in the northeastern
and southeastern sectors of the volcano. These faults appeared on the seismic data as a low
signal-to-noise area qualified by high lateral heterogeneity and the existence of numerous
fractures due to the stress field created by the volcano collapse [43].

Aiello [41] has recently proposed an up-to-date seismo-stratigraphic setting offshore
of the Somma–Vesuvius volcano. Figure 8 shows the main seismo-stratigraphic results.
The seismic profiles are located on the continental shelf of the Bay of Naples offshore
of the Somma–Vesuvius volcanic complex and have been recorded through a Watergun
seismic source.
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Figure 8. Seismo-stratigraphic setting of the Somma–Vesuvius offshore (modified after Aiello [41]
and reinterpreted here as part of the current study). G: PDC older than the AD 79 deposits (detected
on other seismic lines and shown in Aiello [41]). F: Highstand System Tract. E: Debris flow genetically
related to Somma–Vesuvius. C: Lowstand System Tract. D: NYT (Neapolitan Yellow Tuff deposits;
detected on other seismic lines as shown in Aiello [41]). B: Buried tuff rings (cryptodomes in the
previous literature). A: Campanian Ignimbrite.

The seismic units previously recognized offshore of Somma–Vesuvius have been re-
viewed and compared with the seismic units recognized in this paper in a sketch table
(Table 1). Previous studies on the submarine structure of the Somma–Vesuvius volcano
have reported on the occurrence of buried volcanic structures and thick volcanic seis-
mic units, genetically related with the eruptive events of the Somma–Vesuvius volcano
(Table 1) [42,46,47,51].
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Table 1. Revision of the seismic units offshore of the Somma–Vesuvius volcanic complex.

Authors Letter Designation Seismic Facies Description Geological Interpretation

Milia et al. [42]

S Chaotic Slump Debris flow associated
with the 1631 eruption

H Parallel reflectors, good
continuity, high amplitude Highest unit Holocene marine deposits

NYT Chaotic
Wedge-shaped unit in the

northwestern sector of
Naples Bay

Undersea component of
the Neapolitan Yellow Tuff

erupted from Campi
Flegrei 15 ky ago

“

VSP Reflection free with
diffractions at the top

The unit thins southwards
of Vesuvius volcano

Major volcanic surge and
pyroclastic deposits related
to the Mt. Somma collapse

17 ky ago

V Reflection free Dome-shaped unit
warping the unit L

Cryptodomes coeval with
the Mt. Somma collapse

17 ky ago

“

L Parallel reflectors, good
continuity, high amplitude

Constant thickness across
Naples Bay Lowstand marine deposits

I Chaotic Wedge-shaped seismic unit Campanian Ignimbrite
(37 ky B.P.)

P
High amplitude,
low continuity

seismic reflectors

The unit dips
northwestwards and

onlaps on the MC unit
Marine deposits

MC Chaotic Lowest unit Meso-Cenozoic carbonates

Aiello et al. [46]

None Parallel and continuous
seismic reflectors Highest unit

Late Pleistocene–Holocene
marine and

coastal deposits

None Chaotic seismic reflectors Mound-shaped buried
volcanic structures

Submerged and/or buried
parasitic vents genetically

related to the
Somma–Vesuvius
volcanic complex

“ None Discontinuous to chaotic
seismic reflectors Tabular seismic unit Campanian Ignimbrite

“ None Parallel and discontinuous
seismic reflectors

Thin drape onlapping
underlying seismic units

Marine deposits of a
lowstand phase older than

35 ky B.P.

“ None Inclined to parallel
seismic reflectors Relict prograding wedge Middle-Late Pleistocene

prograding wedge

Aiello et al. [51] E Parallel seismic reflectors

Wedge-shaped unit
cropping out at the sea
bottom and overlying

volcanic structures

Holocene mud wedge

“ D Parallel and discontinuous
seismic reflectors

Seismic unit
filling depressed

palaeo-morphologies and
onlapping the top of

volcanic domes (unit B)

Late Pleistocene marine
and coastal deposits
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Table 1. Cont.

Authors Letter Designation Seismic Facies Description Geological Interpretation

“ BV Chaotic Mound-shaped volcanic
seismic units

Submerged and/or buried
volcanic vents genetically

related to the
Somma–Vesuvius
volcanic complex

“ CI Chaotic Tabular Campanian Ignimbrite

Passaro et al.
[47] PGLM Parallel seismic reflectors Outcropping at the

sea bottom
Transgressive and

Highstand System Tracts

“ FV Fluid vents

“ V1-V6 Chaotic Mound-shaped

Cryptodomes genetically
related with the

Somma–Vesuvius
volcanic complex

In particular, Milia et al. [42] have recognized different seismic units in the Somma–
Vesuvius offshore based on the interpretation of Sparker seismic profiles (Table 1). These
authors have considered two possible explanations for the buried mounds. The first hypothesis
is that these buried mounds are hummocks in a debris flow, produced during the Mt. Somma
collapse, creating the breached crater. The second account is that they are cryptodomes,
rising upwards and warping the horizontal layers of the lowstand marine deposits. The
cryptodomes are represented by intrusions triggering the uprising of the overlying sediments,
whose comprehension is important for the volcanic hazard assessment.

A three-dimensional reconstruction of the volcanic structures located offshore of the
Torre del Greco town (Vesuvius area) has been carried out [51]. In particular, the seismic
units include the Holocene mud wedge, overlying the underlying volcanic structures; the
Late Pleistocene marine and coastal deposits, characterized by parallel to sub-parallel
seismic reflectors, with lateral terminations of onlap on the flanks of the volcanic domes;
the BV unit, a wide volcanic vent located offshore of the volcano; the B unit, corresponding
with the mound-shaped, isolated, and buried volcanic structures located near the top of
the CI seismic unit; and the Campanian Ignimbrite (CI) seismic unit, showing a complex
palaeo topography, with some palaeo-terraced surfaces located at its top, controlled by
normal faults with a little throw (Table 1).

Several seismic units have been reported on the submarine slopes of the Somma–
Vesuvius volcanic complex (Table 1) [47], mainly represented by the highstand and trans-
gressive deposits (PGLM) overlying a regional unconformity, corresponding with the Last
Glacial Maximum (LGM; 19 ky B.P.). Fluid vents (FV) and mound-shaped cryptodomes
(V1-V6) have also been distinguished (Table 1). Four volcanic vents, located offshore of the
Somma–Vesuvius volcanic complex, have been emplaced after the LGM, while a fifth vent
was emplaced during more recent times, suggesting the reactivation of volcanic activity
during historical times.

4.2. Seismic Stratigraphy of Naples Bay

One of the key papers on the seismic stratigraphy of Naples Bay is that of Fusi et al. [52],
whose seismic sections have been recently revised by Aiello and Caccavale [46]. Figure 9
shows one of the most significant seismic sections of the Sparker database of Fusi et al. [52],
as reassessed by Aiello and Caccavale [46], which is located in the central sector of Naples
Bay, corresponding to the Dohrn canyon (Dohrn western branch and Dohrn eastern branch).
In particular, this seismic profile shows that the Dohrn eastern branch was completely
incised in the Late Pleistocene prograding wedge. The upper part of the wedge on the
canyon’s southeastern flank is being eroded away. This implies that the origin of this
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canyon has been controlled by both the sedimentary processes and by the volcanic ones
(Figure 9).

Figure 9. Sparker profile 1990-07 and corresponding geological interpretation (modified after
Fusi et al. [52] and Aiello and Caccavale [46] and reinterpreted here as part of the current study).

The key seismic section showing the stratigraphy of Naples Bay has been reinterpreted,
aimed at showing a complete seismo-stratigraphic setting of the area [10] (Figure 10). The
seismic profile of Figure 10 is located in Naples Bay from offshore of the Ischia and Procida
Islands and offshore of the Sorrento Peninsula [10]. The carbonate acoustic basement is
characterized by a NW-dipping monoclinalic structure and is genetically related to the
Meso-Cenozoic carbonate unit outcropping in the adjacent coastal belt in correspondence
with the Sorrento Peninsula and Capri Island. The deepest seismic unit is represented
by a NW-dipping prograding wedge, with eroded topsets and preserved clinoforms,
Early–Middle Pleistocene in age (Figure 10). The B unconformity bounds the seismic unit
1 in its upper part and represents an erosional truncation extending from the continental
shelf to the upper slope. On the northwestern flank of the basin, the unconformity is
down-thrown by normal faults with a little vertical throw, while on the southeastern one it
rises along the NW-dipping monoclinalic structure composed of the carbonate basement
and seismic unit 1 (Figure 10).
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Figure 10. Geological interpretation of the NAM3 multichannel profile (modified after
D’Argenio et al. [10] and reinterpreted here as part of the current study).
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Seismic unit 2 is wedge-shaped and shows a progressive onlap of the seismic reflectors
on the B unconformity. The stratigraphic relationships with the adjacent seismic units
and the overall seawards shifting of the coastal and marine facies suggest its deposition
during a transgressive phase younger than the B unconformity. The wedging of seismic
unit 2 highlights its synsedimentary nature and that it was deposited during active tectonic
phases of the adjacent mainland (Figure 10). The C unconformity bounds seismic unit 2 in
its upper part and is characterized by an erosional to non-depositional hiatus ranging in
age from the Late Pleistocene to the Holocene.

Seismic unit 3 is a shelf and slope sequence characterized by sigmoidal/oblique to
parallel reflectors (Figure 10). It is widespread in the western sector of the bay and is older
than the emplacement of the Campanian Ignimbrite seismic unit (39 ky B.P.). The entry
points of the prograding wedge indicate feeding sources located in correspondence with
the Sarno river mouth. The Dohrn and Magnaghi canyons are carved deeply into the
unit, displaying relict morphologies located at the Dohrn eastern head and suggesting its
deposition during lowstand phases of the Middle–Late Pleistocene era. The D unconformity
is located at the top of seismic unit 3 and at the base of the Late Quaternary depositional
sequence. It corresponds to an erosional unconformity, probably subaerial, as shown by
the occurrence of palaeochannels (Figure 10).

The Late Quaternary depositional sequence is composed of lowstand, transgressive,
and highstand system tracts (Figure 10).

The lowstand system tract is composed of two kinds of deposits, namely the prograd-
ing deposits on the continental shelf (4a in Figure 10) and the distal marine and turbidite
deposits on the continental slope (4b in Figure 10). Prograding deposits are cut by the
seismic section perpendicular to their direction of progradation, and they may appear as
sub-horizontal reflectors. On the slope, distal marine facies and gravitational reworked sed-
iments alternating with chaotic and acoustically transparent intervals lie in paraconformity
on the underlying seismic units. In its upper part, the lowstand system tract is bounded by
a ravinement surface (Figure 10).

The transgressive system tract constitutes volcanic bodies, mound-shaped (5a in
Figure 10), and marine fillings deposited in intrabasinal depressions located between the
volcanic edifices (5b in Figure 10). It is bounded upwards by the maximum flooding surface.

The highstand system tract is represented by highstand prograding deposits located
both on top and on the flanks of volcanic edifices and by gravitational reworked sediments
and turbidite deposits, representing the latest stages of basin filling (Figure 10).

4.3. Seismic Stratigraphy of the Ischia Offshore

Key seismo-stratigraphic studies on the Ischia volcanic complex are those of
Bruno et al. [53], Aiello et al. [54], Aiello et al. [55], Aiello [56], Aiello and Caccavale [21],
and Milia et al. [20]. All these studies have highlighted that the occurrence of isolated
volcanic bodies renders the sequence stratigraphic approach particularly challenging for
the geological interpretation of seismic profiles. The volcanic bodies of Ischia have been
successfully mapped using the software Kingdom (version 2) [20]. Bruno et al. [53] have
reported E–W and NE–SW volcanic ridges following the regional faults, NE–SW trending.
Submerged volcanoes are cut by fault scarps that balance, with a strong vertical com-
ponent, Holocene marine and volcaniclastic deposits. Aiello et al. [54] have highlighted
submarine gravitational instabilities occurring in the northwestern off-shore of the island
as resulting from widespread debris avalanches, often interlayered in the stratigraphic
succession. Aiello et al. [55] have established the general seismo-stratigraphic setting of the
Ischia off-shore, correlating onshore volcanic stratigraphy with the seismic stratigraphy
of the offshore sectors of Punta Imperatore, Grotta del Mavone, Punta del Chiarito, S.
Angelo, Barano, and Maronti. Figure 11 shows the seismo-stratigraphic setting of the Ischia
structural high in the regional framework of the Bay of Naples.
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Figure 11. Geological interpretation of the SISTER4_2 multichannel profile (modified after
Aiello et al. [13] and reinterpreted here as part of the current study). Volcanic structures: Mg (Mag-
naghi canyon), BVE (Buried Volcanic Edifice), Isch (Ischia structural high).

5. Discussion and Conclusions

Marine geological studies on Naples Bay have been revised, focusing on the applica-
tion of seismo-stratigraphic concepts to a Late Quaternary volcanic area, and in particular,
to the Somma–Vesuvius, central Naples Bay and Ischia offshore areas.

The seismo-stratigraphic method has been fully applied in central Naples Bay, where
four regional unconformities (A, B, C, and D in Figure 10), separating incomplete deposi-
tional sequences in the Naples basin filling, have been recognized (Figure 10). The only
complete depositional sequence is the Late Quaternary one.

In the Somma–Vesuvius offshore area, the seismic profiles have recorded a low seismic
unit (CI), corresponding to the 39 ky old Campanian Ignimbrite and another seismic unit
(B), located seawards, that is located below the LST deposits and is overlain by the HST
deposits (Figure 8) [41]. B is associated with cryptodomes. If lowstand deposits lie on the B
unit, the B unit should have emerged at the moment of LST deposition. A cryptodome is,
by definition, a subsurface structure.

In proximal regions, the lowstand deposits are overlaid by a chaotic seismic unit,
explained as pyroclastic flow deposits (PF) [41]. The lowstand deposits, which have
parallel and continuous seismic reflectors, lie above the Campanian Ignimbrite. Due to its
seismic facies and stratigraphic relationships, the lowstand unit has been explained as the
sediments that were put in the falling and as lowstand of the sea level. A local uplift has
occurred in recent times, as commanded by the cryptodome intrusion, and can be observed
in the seafloor deformation. These events have been troubled by the eruption of the NYT
unit (15 ky B.P.) in the Naples offshore area, representing a main volcano–tectonic case in
the Naples area.
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A close linkage of the Somma–Vesuvius seismo-stratigraphic data with the Quaternary
volcanism of the Campania continental margin is suggested. Offshore of the Vesuvius
volcano, seven seismic units are known, in particular the G, the F, the E, the D, the C, the B,
and the A units (Figure 8) [41]. These units, corresponding to PDC older than the 79 A.D.
eruption (G), to the Highstand System Tract (F), to a debris flow genetically related to
Somma–Vesuvius (E), to the Lowstand System Tract (C) D: to the NYT deposits (D), to
the buried tuff rings (B, cryptodomes in the previous literature), and to the Campanian
Ignimbrite (A), respectively, are associated with the Quaternary volcanism of the Campania
continental margin [11,12,30,48].

The transverse extensional systems occurring on the Tyrrhenian extensional margin of
central and southern Italy have strongly influenced the distribution of volcanism [28,29].
This is demonstrated by the structural maps showing the main fault systems and the
Plio-Quaternary volcanoes and confirmed by the location of volcanic edifices along the
margin (Vulsini, Sabatini, Colli Albani, Roccamonfina, and volcanoes of the Neapolitan dis-
trict) [29]. Moreover, this has been confirmed by regional seismo-stratigraphic evidence on
the continental margin. The seismic profiles TIR 10–16 (Figure 6) and TIR10-14 have shown
the extension on the Campania–Latium margin as controlled by NE–SW trending normal
faults [35], and a strike-slip component, locally occurring, suggests transverse systems.

Important buried volcanic structures occur on the Campania continental margin.
Apart the buried volcanoes shown in the Somma–Vesuvius offshore area (Figure 8), central
Naples Bay (Figures 9 and 10), and Ischia (Figure 11), another important volcanic edifice,
namely the Pithecusa volcano, has been detected at the Volturno river mouth based on
seismic interpretation (Figure 12). Its emplacement is genetically related to the eruptive
phases of the Neapolitan volcanoes (Figure 12). In its upper part, the volcanic edifice is
eroded by a regional unconformity and its northeastern slope is down thrown by a normal
fault, marking the passage to a seismo-stratigraphic unit correlated to the Frosinone Flysch
(Figure 12). This unit appears clearly on the northeastern side of the buried volcanic edifice,
where it is down-thrown by normal faults. The western side of the volcano, as well as the
seismic unit genetically related to the flysch deposits, are overlain by a thick seismic unit,
genetically related to Early Pleistocene marine and coastal deposits (Figure 12).

Figure 12. Seismo-stratigraphic setting of the Pithecusa volcano on the Campania continental margin
(Volturno river mouth).
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