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Preface

In the current Special Issue, we present a collection of articles that delve into the marine

environment, including depositional and diagenetic controls, geochemistry, and the economic

potentiality of marine deposits worldwide. The published papers included in this Special Issue

also fill in some of the knowledge gaps on geological oceanography, such as the initial oceanization to

seafloor hydrothermal activity and from very ancient tsunamis to plastic cycling in modern seashore

environments. As we reflect on the wealth of insights presented in this Special Issue, it is evident

that the study of the marine environment remains a dynamic and multifaceted field ripe for future

exploration. By continuing to unravel the complexities of such environments and addressing key

knowledge gaps, we can better understand past environmental changes, decipher the geological

evolution, and inform future research endeavors.

George Kontakiotis, Assimina Antonarakou, and Dmitry A. Ruban

Editors
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1. Introduction

Marine geology is a well-known [1,2] and still-developing field of research that deals
with geological bodies and processes below the sea level and sometimes refers to ancient
marine environments. Moreover, it is evident that the geological peculiarities of seas and
oceans can influence their physical and biological states and overall dynamics [3]. Such
influences are partly moderated by the geological-scale activities of humans. It is very
reasonable to talk about geological oceanography as a more general discipline focusing on
both elementary and highly complex phenomena, including the interactions of geological
and non-geological objects and processes.

Significant achievements have already been made in the field of geological oceanography
in the 2020s. Huang et al. [4] examined the diversity of sedimentation rates across the World
Ocean in the Quaternary and registered several intriguing patterns. Martin Erin et al. [5] recon-
sidered ocean evolution via a general tectonic concept known as Wilson’s cycle. Pohl et al. [6]
explained how major plate tectonic processes affected oxygen concentrations in seawater
during the Phanerozoic. According to Klausen et al. [7], it was sea-level changes that drove
the early evolution of the dinosaurs. Gao et al. [8] established that the construction of artificial
reefs is related to the deep involvement of plastics in marine sedimentation. These examples
demonstrate the outstanding width of the agenda of geological oceanography, as well as the
high complexity of the problems it seeks to solve.

Despite numerous achievements, much is yet to be understood about the geological
context of our seas and oceans. For instance, it is very possible that the diversity of models
describing the birth and tectonic evolution of our oceans under different conditions is incom-
pletely understood [9–11]. Peculiarities of depositional and diagenetic processes in ancient
seas can be documented only via multiple studies in starkly different regions and geological
time slices [12,13]. Our knowledge of geophysical processes, including those related to sub-
marine seismicity and hydrothermal growth, must be further enhanced [14–16]. Such phe-
nomena as pre-Quaternary tsunamis [17,18] and ocean palaeoproductivity changes [19–22]
are known, but our knowledge is still fragmentary. Geochemical changes on the shores and
at bottom of the seas and oceans related to increasing anthropogenic pressure and the input
of new, non-natural materials (such as plastics) require monitoring, and the our information
on them requires regular updating [23,24]. Finally, the geological resources of on our ocean
floors remain a subject demanding further exploration [25–28]. These noted gaps in our
knowledge underpin the urgency of research in the field of geological oceanography, as
well as the breadth of the relevant topics and directions.

The present Special Issue, entitled “Recent Advances in Geological Oceanography II”,
aims to contribute to the international growth of the field of geological oceanography. It
contains a collection of research and review articles by specialists from different countries
and regions, address a number of the principal problems remaining in this field. In
particular, they contribute to filling in some of the knowledge gaps mentioned above, from
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the initial oceanization to seafloor hydrothermal activity and from very ancient tsunamis to
plastic cycling in modern seashore environments.

2. Published Papers

Liu et al. (Contribution 1) investigated and addressed the increasing complexity of the
depositional conditions and their effects on organic matter accumulation and preservation
derived from a series of Lower Paleozoic shale samples at the northeastern margin of
the Yangtze platform in south China. The analyses incorporate TOC content, mineral
composition, and major, trace, and rare earth elements into the investigation. This enables
the analysis of how different factors such as paleoredox state, paleoproductivity, preser-
vation, paleoclimate, and terrestrial influx intensity impact organic matter enrichment in
this setting.

A comprehensive review by Mikhailenko and Ruban (Contribution 2) provides valu-
able insights into the global geographical distribution of plastics and five associated heavy
metals (cadmium, chromium, mercury, nickel, and zinc) on sea beaches, highlighting both
real and potential risks to the environment. The results indicate that the geographical
extent of our knowledge of Hg-bearing plastics is highly limited. Overall, the findings of
this literary study widen the focus on Anthropocene marine geochemistry.

Sang et al. (Contribution 3) present an analytical model for the punctiform breakup
and initial oceanization of the central Red Sea rift. The integrated model incorporates
new reflection seismic profiles and gravity modeling results and focuses on the density
structure, tectonic evolution, breakup mechanism, and future evolution of this continuously
spreading setting.

Yutsis et al. (Contribution 4) provide new insights into the seamount structure of the
northern part of the Ninetyeast Ridge in the Indian Ocean. The investigative geophysical
methods used in this study include bathymetric, seismostratigraphic, and magnetic data.
By integrating these aspects, the study provides a comprehensive approach, enabling
comparisons with similar settings in a global context.

Wang et al. (Contribution 5) represent a numerical simulation-based analysis of the
seafloor hydrothermal plumes in Carlsberg Ridge in the northwestern Indian Ocean. The
proposed model is based on the topography of the region and long-term current monitoring
data and allows for the reconstruction of the present hydrothermal plume in terms of its
structure, velocity field, and temperature field. The findings of this study provide useful
information for tracing the hydrothermal vents, prospecting the submarine polymetallic
sulfide resources, and designing long-term observation networks, and provide a foundation
for future studies on element cycling and the energy budget.

Qamar et al. (Contribution 6) offer an in-depth exploration of the sedimentology,
diagenesis, and sequence stratigraphy of the middle Jurassic carbonate deposits of north
Pakistan, employing a multi-proxy approach which involves field observations, paleonto-
logical analysis, and sedimentological microfacies characterization. This study provides
valuable insights into the complex diagenetic history and sequence stratigraphy of the Mid-
dle Jurassic Samana Suk Formation in the Hazara basin, shedding light on the depositional
stages and highlighting the reservoir characteristics of these shallow-to-marginal marine
carbonates for possible hydrocarbon exploration in the future.

Gao et al. (Contribution 7) examine the provenance of the Lower Jurassic Badaowan
and Sangonghe Formations in the Junggar Basin and the constraint it poses on the Karamaili
Ocean. The interpretation of the sandstone-derived petrological and geochronological
results allow for a better understanding of the evolution of the Paleo-Karamaili orogenic
belt as part of the Paleo-Asian Ocean, supported by three distinct evolutionary stages.

Through a systematic review, Ruban and Yashalova (Contribution 8) present a synthe-
sis of the available information related to Ordovician tsunamis. In particular, the authors
describe a summary of potential hypotheses based on 24 events in different localities
around the world, with further implications for geoheritage resources. In this regard, the
outcomes of this study contribute to a better awareness of the world’s geoheritage resources
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during the Phanerozoic period, and they also, through comparisons with similar events
throughout the Cenozoic era, form a basis for further study.

Shi et al. (Contribution 9) represent a new biomonitoring approach with which to
determine the biotoxic effects of Ag nanoparticles on coasts. The experiment was conducted
on Skeletonema costatum, the most typical phytoplankton species in coastal settings. The
results of this environmental study shed light on the biological toxicity of nanometals and
their possible toxicity mechanism.

The study of Krylov et al. (Contribution 10) is devoted to the features of seismological
observations in the Arctic seas, which are complicated by harsh climatic conditions, the
presence of ice cover, stamukhi and icebergs, and limited navigation. This study could be
considered a reference study, referring, in great detail, to the features and difficulties of
seismological operation systems in such “noisy” environments.

Vakalas and Zananiri (Contribution 11) present a sedimentological study of the North
Aegean Sea (Greece) based on their investigation of 323 surficial marine sediments. The
sediment transport patterns were analyzed based on the grain size parameters (mean,
sorting, and skewness). The dominant factors affecting sediment transport are river dis-
charge and longshore drift near the shoreline, while open sea water circulation controls
sediment distribution patterns at the open shelf. Moreover, the strong heterogeneity of the
sediment textural parameters across the study area suggests that seafloor sediments are
further reworked in areas where water masses are highly energetic.

3. Perspectives

The articles in this Special Issue fill many particular gaps in our knowledge of the
geological context of seas and oceans. Taken together, they amply demonstrate that the
field of geological oceanography is wide, complex, and highly diverse. This is an arena
ripe for inter- and multidisciplinary research where “pure” geologists and oceanographers
can cooperate with geophysicists, geochemists, environmental scientists, marine geologists,
sedimentologists, and geomorphologists. In this field, classical and advanced research
projects can co-exist (and benefit one another), and field-based, modeling, and conceptual
studies are also possible. Indeed, one single Special Issue cannot (and should not) represent
the entire research field (especially one so vast as geological oceanography), but it can try
to demonstrate its central ideas and potential.

In solving some important questions, the contributors to the present Special Issue raise
new ones, including (but not limited to) the following:

(1) Did the Early Paleozoic organic matter enrichment in the Yangtze Platform reflect the
actions of any planetary-scale mechanisms?

(2) What is the true diversity of seamount structures in the World Ocean?
(3) Do the Middle Jurassic marine carbonates of North Pakistan record any global-scale events?
(4) Were there differences and irregularities in the preservation of tsunami records in the

time slices of the Phanerozoic?
(5) Is it possible to develop a single protocol for seismological investigations at high latitudes?

These are specific questions for specialized projects. More generally, this Special Issue
highlights two important perspectives for future research. The first perspective is linked
to identifying and subsequently examining those features that mark the diversity of the
geological environments of our seas and oceans. The second perspective refers to the
geological (and geological-scale) activities of humans in marine environments that alter,
disrupt, or modify natural geological cycles and trends.

Author Contributions: Conceptualization, G.K.; investigation, G.K., D.A.R. and A.A.; writing—original
draft preparation, G.K. and D.A.R.; writing—review and editing, G.K., D.A.R. and A.A. All authors
have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: In this study, twenty-six core shale samples were collected from the marine Lower Paleozoic
shale in a well in the northeastern margin of the Yangtze Platform. Analyses of TOC content, mineral
composition, major elements, along with trace and rare earth elements were conducted on the
samples. The results were used to investigate the depositional conditions and their effects on
organic matter accumulation and preservation. Generally, the sedimentation period of Niutitang
Formation shale was in a cold and arid climate with anoxic marine environments, while the shale
from Wufeng-Longmaxi Formation was formed in a warm and humid climate with oxic marine
environments. In addition, the Wufeng-Longmaxi and Niutitang formations are characterized by low
paleo-productivity. The organic matter enrichment for shale in this study could be simultaneously
controlled by paleo-redox state and paleo-productivity. Organic matter enrichment of the Niutitang
shale is mainly driven by preservation rather than productivity, while the dominant driving factor
is the opposite for the Wufeng-Longmaxi shale. Additionally, palaeoclimate and terrestrial influx
intensity were found to significantly impact the organic matter enrichment in the Wufeng-Longmaxi
shale. The findings have implications for the understanding of the sedimentary processes, organic
matter enrichment and preservation and shale gas potential of the study area.

Keywords: Yangtze Platform; Lower Paleozoic; black shale; depositional condition; organic matter

1. Introduction

Shale gas is an important unconventional natural gas resource that has gained world-
wide attention, and the marine shale gas in the Sichuan Basin of China has been the subject
of significant breakthroughs in recent years [1–3]. Additionally, the widely developed and
distributed Lower Paleozoic black shale near the Micangshan-Hannan Uplift in the north-
eastern margin of the Yangtze Platform, which is adjacent to the north Sichuan Basin, is
considered to have shale gas potential due to its high TOC content, thickness, and maturity
level [4]. However, studies of the Lower Paleozoic shale in the northeastern margin of the
Yangtze Platform are still limited compared to that in the Sichuan Basin.

Unlike natural gas from conventional (e.g., sandstone) reservoirs, shale gas is gener-
ated and preserved within the source rock [5]. The organic matter in shale can contribute to
the generation of hydrocarbons via thermal decomposition processes as the precursors of
petroleum and natural gas [6]. Studies have shown that the adsorption capacity of marine
shale is positively correlated with its total organic carbon (TOC) content due to the organic
pores in the shale matrix [7–9]. As a result, the organic matter in marine shale could have a
considerable impact on hydrocarbon generation as well as the occurrence of gas hydrocar-
bons in shale. Depositional conditions, such as paleo-productivity, preservation conditions
(e.g., redox conditions, paleo-water depth), terrestrial influx, and paleo-salinity, can all
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impact the accumulation and preservation of organic matter in sediments [10–13]. Depo-
sitional conditions can undoubtedly affect the accumulation and dispersion of elements
in sediments [14]. Hence, inorganic geochemical proxies, including specific element abun-
dances and ratios, have been applied to infer paleo depositional conditions for sediments
and indicate the enrichment and preservation of organic matter [15–17]. However, specific
paleo-environmental geochemical proxies show weather-related alteration in outcrop sam-
ples [18], suggesting that drilling core samples could better record the paleo-environmental
characteristics. In a previous study, Liu et al., (2021) studied the organic matter accu-
mulation of the Niutitang Formation in the SND-1 Well in the northeastern margin of
the Yangtze Platform [19]. However, the depositional environment and organic matter
enrichment of the shale in the Lower Paleozoic strata of the northeastern margin of the
Yangtze Platform, mainly including the Wufeng-Longmaxi shale and Niutitang shale, have
yet to be extensively studied through core samples.

Hence, core shale samples were collected from a well in the northeastern margin of
the Yangtze Platform in this study, consisting of Wufeng-Longmaxi shale samples and
Niutitang shale samples. The TOC content, mineral composition, major elements, trace
elements and rare earth elements analyses were conducted to investigate the depositional
conditions and their impacts on the accumulation and preservation of organic matter. The
results of this study contribute to an improved understanding of the depositional conditions
and their effects on the enrichment of organic matter in the Lower Paleozoic shale in the
northwestern margin of the Yangtze Platform.

2. Geological Setting

The Micangshan-Hannan Uplift is located in the northwestern margin of the Yangtze
Platform and acted as the coupling unit of the South Qinling Dabie orogenic belt and
Sichuan Basin [20–22]. The Micangshan-Hannan Uplift is adjacent to the Mianlue su-
ture zone to the north, the Sichuan Basin to the south, the Bikou block to the northwest,
the Longmenshan Tectnoic Zone to the southeast, the Dabashan Folding Belt to the east
(Figure 1) [23].

 

Figure 1. Location of the study area in the Yangtze Platform (a) and the geological map of the study
area in the northern part of the Yangtze Platform and well location (b). The geological map of the
study area is modified from Chen et al., (2019) [21].

The Yangtze Platform was developed on the Precambrian basement [24]. During the
Jinning movement, the Micangshan area evolved from a continental margin basin to a
back-arc basin. The ancient Qinling Ocean was formed in the early Jinning period and
the ancient Qinling Oceanic block was subducted under the Yangtze Platform, forming
the arc-basin system [25]. In the Early Sinian, the west and north margin of the Yangtze
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Platform was a stretched state and eventually formed the Longmenshan-Micangshan
continental rift belt [25]. The Micangshan-Hannan Uplift was the result of continuous
collision and subduction of the Yangtze Plate and the North China Plate, and it was
uplifted from the Late Triassic [26]. The Micangshan area formed the present geological
structural characteristics in the Late Himalayan period. With the increasing sea level
in the Early Cambrian, the Niutitang shale was widely distributed in the Sichuan Basin
and its adjacent areas, including Micangshan area [27,28]. The shale is of relatively high
maturity level and high TOC contents [29]. The Silurian Wufeng-Longmaxi formations
were also widely deposited and distributed in the Sichuan basin and its adjacent areas [30].
However, a regional uplift occurred in the north margin area of the Yangtze Platform
and the termination period of the uplift varied in different areas, which led to different
depositional characteristics of the Ordovician-Silurian strata in Micangshan area [31].

3. Samples and Analyses

3.1. Samples

The stratigraphic sequences of the Wufeng-Longmaxi and the Niutitang Formations
in Well A are shown in Figure 2. The location of the well in the Huijunba syncline is
shown in Figure 1b. 26 core shale samples were collected from this well. Due to the
non-continuous drilling and core sampling of this well, only upper and lower samples
of the Longmaxi Formation are available. Nine of them were collected from the Wufeng-
Longmaxi Formations with depths ranging from 1366.90 m to 1428.21 m. Samples 1 to
4 were collected from the upper part of the Longmaxi Formation, samples 5 to 7 were
collected from the lower part of the Longmaxi Formation, and samples 8 and 9 were
collected from the Wufeng Formation. Seventeen shale core samples were collected from
the Niutitang Formation and the depths range from 2168.93 m to 2384.77 m. The lithology
of the collected core samples was shale.

3.2. Analyses

Total organic carbon (TOC), mineral compositions, major elements, and trace and rare
earth elements analyses were performed on the core shale samples.

(1) TOC analysis: The shale samples were crushed and ground to greater than 200 mesh.
The powdered sample was subjected to hydrochloric acid treatment (Vanalytically pure HCl:
Vwater = 1:7) and kept at temperatures between 60 and 80 ◦C for two hours to thoroughly
dissolve the carbonate minerals. The remaining material was dried at 100 ◦C after being
rinsed with distilled water to a neutral pH. Finally, samples were analyzed on the CS-230
Carbon-Sulfur analyzer (LECO). The TOC contents are reported as wt%, after taking into
account the material lost by acid treatment. The analytical uncertainty is less than 0.5%.

(2) Mineral compositions analysis: A Bruker D8 Advance X-ray diffractometer with
a Cu tube was used to analyze the mineral compositions after the shale had been
crushed to more than 200 mesh. The Tube voltage and electric current were ≤40 kV
and ≤40 mV, respectively. The scan ranges from 0 to 140◦ with a rate of 2◦/min and
step size of 0.02◦. The analytical uncertainty is less than 5%.

(3) Major elements analysis: The powdered samples (greater than 200 mesh) were dried
at 105 ◦C and compressed into a specimen (32 mm i.d.) under the pressure of 30 tons
using boric acid to rim the substrate. Then, the compressed specimen was measured by
an Axios Panalytical X-ray fluorescence(XRF) spectrometry to obtain the concentration
of the major elements. The analytical uncertainty is less than 3%.

(4) Trace and rare earth elements analysis: Trace and rare earth elements concentration
analysis was carried out by inductively coupled plasma mass spectrometry (ICP-MS)
(Nu Attom, UK). The powder samples with >200 mesh were dried at 55 ◦C for 12 h.
After that, the powder sample was digested by acid solution (HNO3 + HF). Then, the
solutions were transferred and diluted for ICP-MS analysis to access the trace and rare
earth elements concentration. Generally, the analytical uncertainty for most elements
is less than 2%.
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Figure 2. Stratigraphic sequences and the sampling depths of the Wufeng-Longmaxi Formation and
the Niutitang Formation.

4. Results

4.1. TOC Content and Mineral Composition

TOC content and mineral composition for shale samples are given in Table 1. The
TOC contents of the shale from the Upper part of the Longmaxi Formation, Lower part
of the Longmaxi Formation, Wufeng-Longmaxi shale and Niutitang shale range from
0.06% to 0.26%, 1.15% to 1.63%, 1.42% to 2.86% and 0.15% to 2.56%, respectively. The
mineral composition characteristics of the Wufeng-Longmaxi shale and Niutitang shale
are different. In general, the shale is dominated by quartz, feldspar, and clay but of
varying average proportions in different formations. The Wufeng-Longmaxi shale has
average proportions of quartz, feldspar, and clay of 38.3%, 12.2%, and 27.9%, respectively.
The average proportions for the same major minerals in the Niutitang shale are 29.2%,
31.4%, and 20.8%, respectively.
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Table 1. TOC contents and mineral compositions of Wufeng-Longmaxi and Niutitang samples.

Formation Sample
Number

Depths
(m)

TOC
Mineral Compositions

Quartz Feldspar Berlinite Muscovite Pyrite Clay Calcite Dolomite Total

% % % % % % % % % %

Wufeng-
Longmaxi

1 1366.90 0.08 39.6 9.3 / 11.0 / 40.1 / / 100.0
2 1369.90 0.06 39.6 21.4 6.4 15.6 / 17.0 / / 100.0
3 1371.86 0.09 44.5 13.7 8.4 8.3 / 25.1 / / 100.0
4 1375.60 0.26 29.6 26.7 8.7 15.7 / 19.3 / / 100.0
5 1420.90 1.15 39.8 6.5 / 23.9 / 29.8 / / 100.0
6 1422.75 1.63 33.4 8.6 12.4 18.0 / 27.6 / / 100.0
7 1423.75 1.40 35.3 4.8 8.8 20.5 / 30.6 / / 100.0
8 1426.50 2.86 40.4 6.7 6.5 12.5 / 32.5 / 1.4 100.0
9 1428.21 1.42 42.5 12.4 7.5 8.2 / 29.4 / / 100.0

Niutitang

10 2158.70 0.97 27.7 24.9 9.1 5.5 1.6 28.3 2.1 0.8 100.0
11 2168.93 0.71 35.4 14.4 7.6 18.2 / 22.0 1.2 1.2 100.0
12 2179.25 0.66 31.2 22.4 4.6 17.7 / 18.9 4.4 0.8 100.0
13 2188.60 0.79 29.3 24.7 4.6 13.9 / 22.9 2.8 1.8 100.0
14 2198.00 0.98 32.1 14.9 / 12.5 1.4 34.3 3.3 1.5 100.0
15 2208.00 1.97 26.6 36.6 6.0 13.7 / 15.8 1.3 / 100.0
16 2218.50 1.58 35.7 22.7 7.8 16.0 / 17.8 / / 100.0
17 2228.84 1.22 24.4 32.0 7.4 10.9 0.8 24.5 / / 100.0
18 2237.38 1.28 36.3 33.2 5.4 6.6 / 18.5 / / 100.0
19 2246.86 0.90 37.2 30.9 7.4 6.0 / 18.5 / / 100.0
20 2254.60 1.10 24.9 27.4 9.4 12.9 1.1 24.3 / / 100.0
21 2265.80 1.18 24.5 39.4 9.5 4.6 1.1 20.9 / / 100.0
22 2273.20 0.15 21.9 49.7 / 3.7 1.0 23.0 / 0.7 100.0
23 2355.80 2.56 29.1 48.1 5.4 4.3 / 13.1 / / 100.0
24 2365.66 2.54 25.9 46.9 4.0 11.6 / 11.6 / / 100.0
25 2375.95 1.96 24.4 35.3 8.6 11.6 1.7 18.4 / / 100.0
26 2384.77 1.68 31.3 29.6 10.5 6.2 1.8 20.6 / / 100.0

4.2. Major Elements

Major element concentrations of the shale samples are presented in Table 2. No
significant difference in major element oxide distribution can be observed between the
Wufeng-Longmaxi and the Niutitang samples. The dominant major element oxides are
SiO2, Al2O3, and TFe2O3. The Wufeng-Longmaxi shale has an average SiO2 content of
63.96%, with a range of 62.22% to 67.94%, while the SiO2 abundance in the Niutitang shale
ranges from 53.69% to 65.74% with an average of 60.41%. The average Al2O3 and TFe2O3
contents in the Wufeng-Longmaxi shale are 16.14% and 6.32%, respectively, while the
Niutitang shale has average Al2O3 and TFe2O3 contents of 13.95% and 5.37%, respectively.
Other major element oxides, including CaO, MgO, K2O, Na2O and P2O5, are present in
relatively low amounts (less than 5%).

Table 2. Major elements data of Wufeng-Longmaxi and Niutitang samples.

Formation Sample
Number

Depths SiO2 Al2O3 TFe2O3 CaO MgO K2O Na2O P2O5 TiO2 MnO Other Total
(m) % % % % % % % % % % % %

Wufeng
-

Longmaxi

1 1366.90 63.24 16.68 6.79 0.32 2.30 4.09 1.22 0.11 0.74 0.08 4.12 99.71
2 1369.90 67.94 14.18 5.54 0.65 2.04 3.14 1.33 0.13 0.73 0.10 3.97 99.75
3 1371.86 66.18 14.92 6.21 0.44 2.15 3.35 1.31 0.13 0.74 0.08 4.25 99.74
4 1375.60 67.08 15.38 6.44 0.36 2.21 3.46 1.28 0.12 0.72 0.08 2.59 99.72
5 1420.90 62.41 17.29 6.43 0.71 2.38 4.50 1.08 0.10 0.70 0.07 3.74 99.39
6 1422.75 62.22 16.90 6.61 1.13 2.42 4.40 0.98 0.09 0.72 0.07 3.64 99.17
7 1423.75 65.65 15.88 5.64 0.67 2.21 4.20 1.08 0.10 0.65 0.06 3.22 99.35
8 1426.50 58.57 16.16 7.83 1.29 2.24 4.09 1.05 0.10 0.79 0.07 5.67 97.84
9 1428.21 62.38 17.87 5.44 1.02 1.79 4.67 1.00 0.09 0.49 0.04 3.64 98.43

average 63.96 16.14 6.32 0.73 2.19 3.99 1.15 0.11 0.46 0.26 0.26 99.23

Niutitang

10 2158.70 56.22 14.72 6.66 4.79 3.17 3.53 1.24 0.19 0.72 0.09 7.48 98.81
11 2168.93 55.08 14.56 6.48 5.82 3.27 3.40 1.20 0.21 0.76 0.12 8.01 98.89
12 2179.25 56.57 14.82 6.07 5.26 3.21 3.49 1.26 0.23 0.78 0.09 7.27 99.05
13 2188.60 53.69 14.65 6.14 6.82 3.53 3.52 1.16 0.24 0.75 0.12 8.50 99.10
14 2198.00 54.42 14.61 5.93 6.76 3.41 3.51 1.18 0.24 0.75 0.11 8.21 99.13
15 2208.00 58.60 13.80 5.58 4.68 2.70 3.13 1.62 0.17 0.75 0.07 7.68 98.79
16 2218.50 61.13 14.21 5.36 3.02 2.62 3.30 1.61 0.19 0.73 0.06 6.75 98.96
17 2228.84 63.43 12.52 4.66 3.19 2.24 2.76 1.94 0.21 0.74 0.06 7.37 99.11
18 2237.38 62.71 14.15 5.07 2.65 2.76 3.21 1.65 0.18 0.75 0.06 6.00 99.19
19 2246.86 61.92 13.77 5.32 2.73 2.70 3.20 1.62 0.19 0.75 0.06 6.90 99.15
20 2254.60 62.84 13.92 5.41 2.26 2.61 3.18 1.72 0.19 0.75 0.05 6.12 99.06
21 2265.80 65.74 12.22 4.77 3.00 2.01 2.64 2.20 0.24 0.71 0.05 5.26 98.85
22 2273.20 62.88 12.22 4.00 3.74 2.21 2.52 3.03 0.47 0.73 0.05 7.48 99.32
23 2355.80 62.65 12.79 4.88 1.93 2.10 3.12 1.84 0.22 0.80 0.04 8.44 98.80
24 2365.66 63.53 12.98 4.74 2.85 2.09 3.00 2.10 0.24 0.81 0.06 6.45 98.85
25 2375.95 63.03 15.45 5.31 1.53 2.37 3.61 1.93 0.21 0.83 0.04 4.04 98.35
26 2384.77 62.49 15.83 4.94 2.06 1.92 3.60 1.59 0.25 0.82 0.04 4.58 98.10

average 60.41 13.95 5.37 3.71 2.64 3.22 1.70 0.23 0.76 0.07 6.86 98.91
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4.3. Trace Elements

The abundances of selected trace elements of the Wufeng-Longmaxi and Niutitang
samples in the study area are shown in Table 3. The UCC-normalized trace elements of
shale from the Wufeng-Longmaxi Formation and the Niutitang Formation are illustrated
in Figure 3. The distribution characteristics of trace elements in the Wufeng-Longmaxi
samples are different, as demonstrated by the findings in Figure 3a. Cu, Sr, Mo, and Pb
are depleted in the shale samples from 1366.90 m to 1375.60 m (Nos. 1–4). However,
Cu, Mo, Pb and U are obviously enriched in samples from 1420.90 m to 1428.21 m (Nos.
5–9). The UCC-normalized trace element distributions of the Niutitang samples show a
similar distribution pattern compared to the Wufeng-Longmaxi shale with depths ranging
from 1420.90 m to 1428.21 m (Figure 3b). In general, the majority of the samples from the
Niutitang samples are enriched in Mo, Cd and U.

Figure 3. UCC-normalized trace element distributions for the Wufeng-Longmaxi shale (a) and the
Niutitang shale (b). The enrichment coefficient can be expressed as Xsample/XUCC, where X represents
the weight concentrations of elements X.

4.4. Rare Earth Elements

Rare earth element concentrations of the samples are presented in Table 4 and Figure 4.
The average ΣREE contents of the Wufeng-Longmaxi and the Niutitang samples are
209.93 μg/g and 166.90 μg/g, respectively. The Niutitang and the Wufeng-Longmaxi
samples have average light rare earth elements (ΣLREEs) of 187.36 μg/g and 146.51 μg/g,
respectively. The average heavy rare earth elements (ΣHREEs) in the Wufeng-Longmaxi
and the Niutitang samples are 22.57 μg/g and 20.38 μg/g, respectively.

Figure 4. NASC —normalized REEs distribution for the samples from the Wufeng-Longmaxi For-
mations (a) and the Niutitang Formation (b). NASC = The North American shale composite from
McLennan (1989) [32]. The enrichment coefficient can be expressed as Xsample/XNASC, where X
represents the weight concentrations of elements X.
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Table 4. Rare earth elements abundances of Wufeng-Longmaxi and Niutitang samples.

Formations Sample
Number

Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREE

(m) μg/g

Wufeng-
Longmaxi

1 1366.90 40.41 86.92 9.41 34.30 6.82 1.27 5.86 0.97 5.69 1.15 3.37 0.51 3.30 0.50 200.48
2 1369.90 42.05 79.59 9.49 35.15 7.29 1.36 6.22 0.98 5.59 1.10 3.16 0.48 3.04 0.46 195.96
3 1371.86 41.71 88.73 10.16 34.98 7.08 1.32 6.11 0.98 5.70 1.13 3.29 0.49 3.13 0.48 205.30
4 1375.60 44.56 91.18 10.87 36.57 7.72 1.42 6.68 1.04 5.84 1.14 3.25 0.48 3.05 0.46 214.25
5 1420.90 39.70 74.75 9.03 31.05 5.70 1.02 4.71 0.77 4.63 0.95 2.85 0.44 2.87 0.44 178.93
6 1422.75 43.42 80.58 9.37 32.46 5.87 1.02 4.85 0.80 4.77 0.97 2.91 0.45 2.91 0.44 190.82
7 1423.75 42.73 86.04 9.41 34.24 6.54 0.90 5.49 0.93 5.49 1.11 3.23 0.49 3.18 0.49 200.25
8 1426.50 45.92 90.08 9.96 35.45 7.02 1.15 7.13 1.29 8.31 1.75 5.32 0.81 5.27 0.80 220.27
9 1428.21 62.97 122.46 13.81 43.84 8.28 1.08 7.47 1.31 8.45 1.79 5.37 0.79 4.79 0.71 283.11

NIutitang

10 2158.70 31.27 69.06 8.21 30.15 6.61 1.26 5.88 0.94 5.58 1.13 3.32 0.50 3.19 0.49 167.59
11 2168.93 30.01 71.13 7.87 31.30 7.20 1.45 6.60 1.05 6.16 1.24 3.57 0.53 3.34 0.51 171.97
12 2179.25 32.48 71.16 8.00 30.23 6.37 1.29 5.93 0.96 5.69 1.16 3.38 0.50 3.21 0.49 170.82
13 2188.60 33.84 73.22 8.51 30.15 6.37 1.24 5.80 0.94 5.57 1.13 3.32 0.49 3.10 0.48 174.14
14 2198.00 30.70 69.19 7.30 28.34 5.83 1.18 5.31 0.86 5.14 1.05 3.06 0.46 2.92 0.45 161.80
15 2208.00 35.40 71.33 9.12 31.43 5.93 1.11 5.24 0.85 5.11 1.04 3.08 0.46 2.97 0.46 173.54
16 2218.50 32.64 68.22 8.73 28.96 5.97 1.14 5.28 0.86 5.22 1.07 3.16 0.47 3.02 0.46 165.22
17 2228.84 30.01 57.51 7.36 26.21 6.34 1.24 5.95 0.95 5.51 1.09 3.14 0.46 2.93 0.45 149.15
18 2237.38 28.78 61.94 8.19 27.18 5.74 1.10 5.14 0.84 5.09 1.04 3.09 0.46 2.97 0.46 152.02
19 2246.86 34.72 72.77 8.29 31.22 6.43 1.25 5.81 0.95 5.59 1.13 3.29 0.49 3.13 0.48 175.56
20 2254.60 32.90 70.59 8.05 30.39 6.21 1.15 5.30 0.88 5.31 1.09 3.24 0.49 3.17 0.49 169.27
21 2265.80 31.18 58.75 8.11 28.80 6.74 1.30 6.34 1.02 5.94 1.18 3.42 0.50 3.22 0.50 157.00
22 2273.20 29.89 60.36 7.58 28.05 5.83 1.13 5.26 0.84 4.95 1.00 2.91 0.44 2.83 0.44 151.51
23 2355.80 40.19 77.66 9.26 33.38 6.13 1.13 5.26 0.84 4.99 1.01 2.99 0.45 2.91 0.45 186.63
24 2365.66 35.17 68.46 8.60 33.68 7.27 1.40 6.59 1.04 5.95 1.18 3.41 0.50 3.21 0.49 176.94
25 2375.95 36.04 66.93 8.86 29.98 5.80 1.08 5.10 0.84 5.08 1.05 3.10 0.46 3.00 0.47 167.79
26 2384.77 34.87 63.39 8.09 31.57 6.37 1.20 5.70 0.93 5.55 1.13 3.33 0.50 3.17 0.49 166.29

NASC * 32 73 7.9 33 5.7 1.24 5.2 0.85 5.8 1.04 3.4 0.5 3.1 0.48 /

* The North American shale composite (NASC) is from McLennan (1989) [32].

The NASC normalized REE distributions of the Wufeng-Longmaxi samples suggest a
relative enrichment of LREE. Samples 8 and 9 from the Wufeng Formation have a consider-
ably enriched HREE content. The shale samples from the Niutitang Formation do not show
any notable enrichment or depletion of REE compared to NASC (Figure 4).

5. Discussion

5.1. Chemical Weathering and Palaeoclimate

The palaeoclimate during sedimentation can be reflected by the chemical index of alter-
ation (CIA), which indicates the degree of weathering [35]. The CIA is calculated as follows:

CIA(%) = 100 × Al2O3/(Al2O3 + CaO* + Na2O + K2O) (1)

CaO* stands for calcium that is presented as the silicate. In this study, the CaO*
was calibrated and the CIA (%) was estimated using the method proposed by McLennan
(1993) [36]. Chemical weathering is beginning to occur, as indicated by the CIA (%) value
range of 50 to 60. CIA (%) values of 60–80 and >80 indicate moderate chemical weathering
and strong chemical weathering, respectively [35,37]. CIA (%) in the Wufeng-Longmaxi
samples range from 67.27 to 70.37 with an average of 68.62, while the average CIA (%)
in the Niutitang samples is 60.25 (Table 5). Chemical alterations become weaker under
arid conditions [38]. Therefore, the Wufeng-Longmaxi shale was deposited in warmer and
more humid conditions compared to Niutitang shale. However, with decreasing depth,
the CIA (%) for the Niutitang shale rises from about 60 to 65, indicating a change in the
palaeoclimate conditions.

5.2. Terrestrial Influx Intensity, Provenance, and Tectonic Setting

Influx of terrestrial materials can dilute the organic matter and thereby affect its ac-
cumulation. The Mn/Ca ratio serves as a proxy for the terrestrial influx intensity [39,40].
Figure 5a demonstrates a cross-plot of Mn/Ca (ppm/%) and Ca (%), which shows varia-
tions in terrestrial influx intensity among the samples from different formations. Generally,
the Niutitang samples have the lowest terrestrial influx intensity among the shale, while the
highest intensity is observed in the shale from the upper of the Longmaxi Formation. The
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TiO2/Zr ratio can be used to classify the origin of the clastic input to sediment [41], and the
results of plotting TiO2 and Zr suggest a provenance of felsic igneous rock (Figure 5b). Plot-
ting La/Yb versus ΣREE can also be applied to classify the provenance of the sedimentary
rocks as REEs inherit the characteristics of parental rocks [32,42,43]. The results of plotting
La/Yb versus ΣREE are consistent with the interpretation of the TiO2/Zr crossplot and
indicate a mixed provenance of granite, sedimentary rock, and alkalic basalts (Figure 5c).
The shale from various formations reflects distinct tectonic settings. The majority of the
Wufeng-Longmaxi samples are located within the passive margin, whereas the Niutitang
samples are mostly located within the active continental margin (Figure 5d).

Table 5. Geochemical proxies of the Wufeng-Longmaxi and Niutitang samples.

Formations Sample
Number

Depths Palaeclimate Terrestrial Influx Paleoredox Conditions Paleo-Productivity

(m) CIA Mn/Ca (ppm/%) Th/U δU MoEF UEF P/Ti

Wufeng-
Longmaxi

1 1366.90 70.37 2650.03 5.12 0.74 0.23 0.96 0.11
2 1369.90 67.70 1668.85 4.92 0.76 0.29 1.11 0.13
3 1371.86 69.37 1920.55 5.62 0.70 0.39 1.00 0.13
4 1375.60 70.28 2278.78 5.21 0.73 0.51 1.13 0.12
5 1420.90 68.57 1118.61 3.41 0.94 3.82 1.29 0.10
6 1422.75 67.93 716.73 2.42 1.11 6.23 2.04 0.09
7 1423.75 67.85 985.68 2.97 1.01 6.30 1.68 0.11
8 1426.50 67.27 573.60 1.15 1.44 46.58 5.56 0.10
9 1428.21 68.20 465.01 1.68 1.28 16.55 3.43 0.13

Niutitang

10 2158.70 65.07 207.62 1.14 1.45 15.94 3.56 0.19
11 2168.93 65.65 231.71 1.24 1.41 15.49 3.32 0.20
12 2179.25 65.15 191.60 1.27 1.41 12.47 3.16 0.21
13 2188.60 65.79 193.14 1.32 1.39 14.36 3.21 0.23
14 2198.00 65.54 170.65 1.02 1.49 21.75 3.81 0.23
15 2208.00 61.30 169.88 1.01 1.50 30.77 4.88 0.17
16 2218.50 61.59 206.73 1.20 1.43 18.50 3.94 0.19
17 2228.84 57.23 194.78 1.77 1.26 13.86 3.00 0.21
18 2237.38 61.39 256.56 1.51 1.33 16.79 3.02 0.17
19 2246.86 61.07 243.33 1.89 1.23 14.70 2.85 0.18
20 2254.60 60.42 255.42 1.64 1.29 14.73 2.99 0.18
21 2265.80 54.72 189.00 0.92 1.53 34.76 5.72 0.24
22 2273.20 49.06 152.62 4.06 0.85 0.87 1.25 0.47
23 2355.80 56.38 230.11 0.90 1.54 44.14 6.43 0.20
24 2365.66 52.19 217.88 0.82 1.57 30.77 6.84 0.21
25 2375.95 61.04 314.68 0.90 1.54 24.57 4.80 0.19
26 2384.77 60.72 207.92 0.65 1.65 82.62 7.03 0.22

Figure 5. (a) Mn/Ca (ppm/%) versus Ca (%) for samples from different formations. (b) TiO2 versus
Zr for samples from different formations. The interpretation lines are from Hayashi et al., (1997) [41].
(c) La/Yb versus ΣREE for samples from different formations. The interpretation lines are from Zhao
(2016) [44]. (d) K2O/Na2O versus SiO2 for samples from different formations. The interpretation
lines are from Roser and Korsch (1986) [45]. ARC: oceanic island arc margin; ACM: active continental
margin; PM: passive margin.
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5.3. Paleoredox Conditions and Water Mass Restriction

Specific ratios for redox-sensitive elements, such as V, Cr, Ni, Co, Mo and U, were
employed as redox indicators to evaluate the paleo-redox conditions during sediment
deposition [46–49]. In an oxidizing seawater environment, uranium (U) is presented as
dissolved U (VI); however, it can be reduced to solid U (IV) and accumulate in sediments
under anoxic conditions [14]. In contrast, thorium (Th) is a very stable element that
may remain in sediments as undissolved thorium (IV) [47]. Thus, redox conditions may
be revealed using the Th/U ratio. Th/U ratios of 2–7 typically indicate oxic marine
environments, whereas a ratio of <2 reflects anoxic environments [50,51]. In addition, the
Th/U ratio may exceed 7 in a terrestrial oxic environment [51]. Additionally, the paleo-
redox conditions can be categorized using the δU value (2U/(U + 1/3Th)) [49]. A δU value
of >1 suggests anoxic conditions, whereas a value of <1 denotes an oxic environment.

Table 5 presents the Th/U and δU ratios for the samples. The data for the Niutitang
samples suggest a mainly anoxic environment, as indicated by Th/U ratios that vary from
0.64 to 4.06, with an average of 1.37. Shale from the Wufeng Formation have a Th/U ratio
that varies from 1.15 to 1.68 with an average of 1.42. Samples 5–7 from the Lower Longmaxi
Formation have Th/U ratios that vary from 2.42 to 3.41 with an average of 2.93, while the
Longmaxi samples 1–4 are characterized by high Th/U with an average of 5.21 (Table 5). These
results suggest that the upper Longmaxi samples were deposited in more oxic conditions
than the samples from the lower Longmaxi Formation, while the conditions for the Wufeng
samples were more anoxic, and similar to the Niutitang Formation during the Wufeng and
Longmaxi sedimentary periods. The redox condition interpreted by δU is consistent with
Th/U ratios. Most Niutitang, Wufeng, and Longmaxi samples (Nos. 5–7) display δU values
greater than 1, indicating anoxic water conditions. The samples 1–4 from the Longmaxi
Formation have low δU with an average of 0.73, suggesting oxic water conditions.

Molybdenum (Mo) can exist in sea water as a stable and soluble molybdate oxyanion
(MoO4

2−), while the MoO4
2− can be converted to thiomolybdates in euxinic conditions. It

has been previously shown that thiomolybdates can be adsorbed onto humic substances
and captured by Mn-Fe oxyhydroxides at the sediment surface [14,52,53]. Hence, the Mo-U
covariance can be an indication of the paleo-redox conditions [48,52,54]. The enrichment fac-
tor (EF) for Mo and U were calculated using the equation EF = [(X/Al)sample/(X/Al)PAAS],
where X and Al represent the weight concentrations of elements X and Al, respectively. A
plot of MoEF versus UEF is presented in Table 5 and Figure 6. The plot shows that Niuti-
tang samples were deposited in sulfidic/euxinic waters with higher EFs in Mo (EF > 10)
compared to U, while the MoEF versus UEF plot also indicates that paleo-redox conditions
went from anoxic in the Wufeng Formation to oxic in the upper Longmaxi Formation.

Basinal water mass restriction is correlated to paleo-redox condition [55], and it is
mainly controlled by changes in sea level [56]. In a restricted sea, the Mo (ppm)/TOC (%)
ratio in sediments decreases as the restriction increases, due to the low resupply rate of
Mo in an aqueous medium [14], In contrast, the ratio is higher in open marine sediments.
This makes the Mo (ppm) to TOC ratio a useful tool in classifying paleo-hydrographic
conditions. As shown in Figure 6b, the samples from the Niutitang and Wufeng formations
were deposited in a moderately restricted basin. The ratio in the Longmaxi samples is
lower than the Black Sea (~4.5), suggesting a strongly restricted condition with reducing
sea level during this geological period.
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Figure 6. (a) MoEF versus UEF in samples from the Wufeng-Longmaxi and the Niutitang Formations.
The post-Archean average shale (PAAS) composition data used in this study are from Taylor and
McLennan (1985) [33]. The interpretation lines are from Algeo and Tribovillard (2009) [52] and
Tribovillard et al., (2012) [55]; (b) Mo (ppm) versus TOC (%) in samples from the Wufeng-Longmaxi
and the Niutitang formations. The interpretation lines are from Algeo and Lyons (2006) [57] and
Tribovillard et al. (2012) [55].

5.4. Paleoproductivity

Primary paleo-productivity presents the total amount of organic matter produced per
unit time and area [58], and hence good source rocks were deposited in areas of basins
with elevated primary paleo-productivity [59,60]. Phosphorus (P) is a crucial nutritional
element that is found in the skeleton [14,61]. P can exist as both dissolved and precipitated
phases in seawater [62]. Sources of P can be divided into detrital and organic. Since the
concentration of detrital P is usually very low, total P may serve as a proxy to estimate
paleo-productivity [63]. P2O5 (%) and Ti (ppm) show no positive correlation in the sam-
ples of this study (Figure 7), indicating that P is of organic origin and can be used as
a paleo-productivity proxy. A P/Ti ratio less than 0.34 reveals low paleo-productivity,
and 0.34 < P/Ti < 0.79 and P/Ti > 0.79 indicate medium and high paleo-productivities,
respectively [64]. The P/Ti ratio in Niutitang shale ranges from 0.17 to 0.47 with an aver-
age of 0.22, while the average P/Ti ratio in Wufeng-Longmaxi shale is 0.11. Hence, the
Wufeng-Longmaxi and Niutitang formations are characterized by low paleo-productivity.
In addition, Wufeng-Longmaxi shale possess a lower paleo-productivity compared to the
Niutitang shale in the study area (Table 5).

Figure 7. Relationship between P2O5 (%) and Ti (ppm) in the samples.
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5.5. Influence of Deposition Conditions on Organic Matter Enrichment

Total organic carbon (TOC) contents represent the amount of organic carbon, and
it could be utilized to evaluate the richness of organic carbon and reveal hydrocarbon
generation potential for hydrocarbon source rock [65]. The enrichment of organic matter
in sediment is a complex process that is controlled by the input and preservation of
organic matter [49], as well as its dilution by clastic input. Trends of TOC content and
paleodeposition-related inorganic geochemical parameters with depth, in the samples, are
shown in Figure 8. The relationship between different inorganic geochemical indicators
and TOC contents are presented in Figure 9.

 

Figure 8. Trends of TOC content and paleodeposition-related inorganic geochemical parameters
with depth.

A fair negative correlation can be observed in CIA and TOC content in the Wufeng-
Longmaxi shale (R2 = 0.49), whereas it shows a poor correlation in the Niutitang samples
(Figure 9a). Mn/Ca ratios are negatively related to TOC content for the Wufeng-Longmaxi
samples (R2 = 0.72), while no clear relationship can be observed in the Niutitang samples
(Figure 9b), indicating that the high terrestrial influx intensity in the Wufeng-Longmaxi
samples diluted the TOC content and resulted in a negative correlation between Mn/Ca
ratio and TOC content. In contrast, the terrestrial influx intensity for the Niutitang samples
is low and had a minor effect on diluting TOC content. The regression analyses of Th/U,
δU, and MoEF with TOC contents are presented in Figure 9c–e. The results reveal a clear
correlation between the redox parameters with TOC contents, suggesting anoxic conditions
which helped with preservation of the organic matters. The study also found a positive
relationship between P/Al and TOC content in the Wufeng-Longmaxi shale (Figure 9f). In
addition, the correlation of P/Ti and TOC content is less (R2 = 0.24) in the Nititang samples
compared to the Wufeng-Longmaxi samples (R2 = 0.46).

17



J. Mar. Sci. Eng. 2023, 11, 501

Figure 9. The relationship between different inorganic geochemical proxies and TOC contents.

5.6. Depositional and Organic Enrichment Models

Organic enrichment models mainly include preservation, production, and co-action mod-
els [66]. Cd/Mo and Co (ppm)× Mn (%) proxies have been proposed and applied to determine
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the dominant factor that impacts organic matter enrichment [66]. The results presented in
Figure 10 indicate that the samples in the study well were mainly deposited in a restricted
condition, based on Mo/TOC ratios. The Cd/Mn ratio reveals that organic matter enrichment
of the Niutitang samples is mainly driven by preservation rather than productivity, while the
dominating driving factor is the opposite for the Wufeng-Longmaxi samples.

Figure 10. Cd/Mo versus Co (ppm) × Mn (%) for samples. The interpretation polygons are from
Sweere et al. (2016) [66].

The Niutitang Formation was deposited in a moderately restricted basin with a eu-
xinic reducing environment. This environment is considered to be the most suitable for
preservation of organic matter (Figure 11a). The Wufeng Formation had similar reduc-
ing conditions and water mass restrictions to the Niutitang Formation (Figure 11b), but
with increasing terrestrial influx intensity. As the water level decreased in the Longmaxi
Formation, the terrestrial Influx steadily increased and diluted the richness of organic
carbon. The hydrographic condition gradually became strongly restricted and the water
environment shifted to dysoxic-oxic conditions due to a decrease in sea level, indicating
that the paleo-productivity may have had a more significant impact on the organic matter
enrichment compared to the paleo-redox condition (Figure 11c).

 

Figure 11. Organic matter enrichment model of shale from the Niutitang Formation (a), Wufeng
Formation (b) and Longmaxi Formation (c).
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6. Conclusions

The main conclusions from this study of the depositional environment and organic
matter enrichment in Lower Paleozoic shale samples from the northeastern margin of the
Yangtze Platform are as follows:

(1) Warm and humid conditions existed for deposition of the Wufeng-Longmaxi samples.
In contrast, palaeoclimatic condition indicators suggest cold andarid conditions in the
Niutitang samples.

(2) The terrestrial influx intensity in the Niutitang samples was relatively low. However,
the terrestrial influx rate increased in the Wufeng and Longmaxi samples.

(3) Parameters that measure palaeoredox conditions indicate an anoxic environment in
the Niutitang, Wufeng and Lower Longmaxi samples. In contrast, the paleo-redox
conditions were more oxic during the sedimentation of the Upper Longmaxi samples.

(4) The P/Ti ratio reveals a low paleo-productivity for the Wufeng-Longmaxi and the
Niutitang samples. Additionally, Wufeng-Longmaxi samples possess a lower paleo-
productivity compared to the Niutitang samples in the well.

(5) An obvious difference exists in the organic matter enrichment of the shale samples from
different formations. The organic matter enrichment for samples in this study can be jointly
influenced by paleo-redox conditions and paleo-productivity. Organic matter enrichment
of the Niutitang shale is mainly driven by preservation rather than productivity. The
dominant driving factor is the opposite for the Wufeng-Longmaxi shale.
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Abstract: Pollution of the oceans and seas, as well as their coastal zones, with plastics has become se-
rious challenge, which is also related to the Anthropocene marine geology and geochemistry. Notably,
plastics can bear heavy metals. The related knowledge is scattered through scientific publications,
and, thus, it needs generalization. The present study synthesizes the published information about the
geographical distribution of cadmium, chromium, mercury, nickel, and zinc associated with plastics
on sea beaches. A bibliographical survey is undertaken, and the collected literary information is
organized so as to document the principal localities of beached plastics bearing these metals. About
twenty localities are established in many parts of the world, and the majority of them correspond to
the coasts of the Atlantic and Indian oceans and their seas. Significant attention has been paid by the
previous researchers to Northwest Europe and South and East Asia. The available information is
enough to postulate the global extent of the problem of heavy metals association with plastics on
beaches. Real or potential risks to the environment were reported in many cases. This review also
shows that the industry of tourism, hospitality, and recreation contributes to the accumulation of such
plastics. The analyzed literary information demonstrates several biases: for instance, Hg-bearing
plastics on beaches were reported from the smaller number of localities relatively to the other metals,
and the beaches and coastal recreational areas of many regions are yet to be studied in regard to
heavy metals associated with plastics.

Keywords: Anthropocene; coasts; marine geochemistry; pollution; tourism

1. Introduction

Plastics, which include macro-, meso-, and microplastics, have become a serious envi-
ronmental challenge for contemporary society. Having various forms, compositions, and
origin, plastics pollute landscapes on the planetary scale. Particularly, oceans and seas, as
well as their coastal zones, have already become too affected by plastic pollution [1–8]. This
challenge should not be simplified because plastics are not only “just litter”, unacceptable
aesthetically, and marking anthropogenic modifications of the natural environment [9–11],
but are also a trigger of biological and chemical (often biochemical) processes with negative
or unclear consequences [12–18], as well as a contributor to carbon cycling and climate
changes [19–23]. The dynamics of plastics in marine environments conjugate with biologi-
cal activities [24]. In other words, marine plastic pollution is a highly-complex problem
with different aspects, each of which should be addressed with significant attention.

Heavy metals associate closely with plastics in marine and coastal environments. The
former can be linked to additives [25–27] and adsorption [28–32]. Indeed, bioavailability
also matters [33–35]. Such an association increases (if not multiplies) the danger from
marine plastic pollution because elevated concentrations of such heavy metals as cadmium
or mercury may have significant negative influences on the living nature [36–40]. Special
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attention should be paid to beaches. On the one hand, their recreational use often leads to a
voluminous supply and accumulation of plastics [41–47], a part of which can be further
transported to open marine environments. On the other hand, beaches can serve as barriers,
where plastics (both touristic and non-touristic) accumulate, and, thus, contribute to the
exposure of dangerous substances (also heavy metals) to visitors and biota. If so, one
can expect the presence of not only plastics-related heavy metals on beaches, but also the
related risks to their visitors and entire beach-based and marine ecosystems. Principally,
beaches are within the global plastisphere (this has become a common term [48–50]), and
their studies in regard to plastic-associated heavy metals are related to the focus of the
Anthropocene geology and geochemistry [51–55]. These studies form a promising direction
of geological oceanography.

Although research into beached plastics-related heavy metals started about fifteen
years ago and intensified very recently, the related publications are already rather numerous,
and, thus, the lines of evidence are scattered through the significant amount of sources
(see review below). Taking into account the urgency of this information for environmental
management, as well as for conceptual developments in the Anthropocene marine geology
and geochemistry, synthesizing these lines of evidence appears to be very important. This
corresponds to the current interest in environmental geochemistry (also marine and coastal)
linked to tourism, hospitality, and recreation [56–58]. Indeed, such syntheses can address
different aspects of the problem. The objective of the present contribution is to provide a
geographical synthesis of the literary evidence of heavy metals associated with plastics on
sea beaches. The need for such a geographical emphasis is dictated by two reasons. First,
tracing the spatial distribution of the considered phenomenon reveals its scale. Second, the
same analysis indicate the geographical biases in the knowledge of this phenomenon, which
is important for the coordination of further investigations. This work does not pretend to
be a comprehensive review of the particular environmental problem taken entirely, but it
aims at documenting its geographical patterns in the light of the published knowledge.

2. Materials and Methods

From the various heavy metals which may be associated with plastics on sea beaches,
attention is paid in this work to cadmium (Cd), chromium (Cr), mercury (Hg), nickel (Ni), and
zinc (Zn). Initially, the literature was checked, and these metals were selected because they are
among the best studied and widely documented. Moreover, negative environmental conse-
quences and the related risks from pollution by cadmium [59], chromium [60], mercury [61],
nickel [62], and zinc [63] in oceans and seas, as well as on beaches, are well-known.

The literary evidence, i.e., the information already published in international scientific
journals, constitutes the material of the present study. It was collected by the “standard”
procedures employed for the purposes of bibliographical surveys and reviews, which have
become widespread in earth and environmental research [57,64–67]. The bibliographical
database “Scopus”, which boasts extensive coverage of the scientific literature [68,69], was
used to collect the sources, and their subsequent check allowed information suitable for
the present study to be established (Figure 1). It should be stressed that the majority of
the leading environmental journals (if not all of them) are included in “Scopus”, and this
database offers quick indexation of their articles, which is important for such a quickly-
grown research field as marine plastics. Moreover, “Scopus” offers a unique search engine
for the quick and comprehensive collection of the literature.

A total of 38 articles devoted to plastics-associated cadmium, chromium, mercury,
nickel, and zinc from beaches were found (Table 1). The majority of them were published in
the major international journals (“Marine Pollution Bulletin” was most commonly selected
by the authors). Notably, about two thirds of them appeared during the past five years
(especially since the beginning of the 2020s). Among them, there are articles that considered
several metals and a single metal. Although almost all the sources express environmental
concerns, not all articles state beach pollution by heavy metals (some works simply note
the presence of plastics-related heavy metals on beaches), and it is not easy to understand
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which particular metal is thought to be real or potential danger in some cases (several
works consider heavy metals and specify the related risks in too general words). This seems
to be a normal situation for the emerging research direction, and this is why this analysis
focuses on the general geographical patterns.

Figure 1. Procedures of collecting the literary information for this study.

Methodologically, the present analysis is framed by its objective, namely providing the
geographical synthesis of the available knowledge. First of all, the geographical focus of
the particular articles is established. Most commonly, this is a particular locality comprising
one or several closely located beaches; the affinity to countries can be easily found. After the
initial analysis of the literature, it is possible to attribute some very close, even overlapping,
localities to a single locality. This is also possible when one work deals with several
localities. These slight modifications are necessary to map the information on a global scale.
Then, the localities are specified for each of the selected heavy metals. This permits the
mapping of the global distribution of cadmium, chromium, mercury, nickel, and zinc in
association with plastics on beaches. Indeed, this distribution reflects the only present state
of the scientific knowledge. Taking into account the necessity of special, state-of-the-art
techniques for investigation of this association, it is reasonable to believe that almost all (if
not all) related information can be found in the only articles published in top international
journals. It’s possible incompleteness does not matter because it is among the aims of this
study to judge about the degree of this incompleteness. In other words, this study focuses
on mapping what is known from the literature and not what can take place in fact. The
simple maps can be interpreted qualitatively to judge about the distribution of particular
heavy metals associated with beached plastics. Attention is paid to two additional issues.
First, the notions of environmental danger of plastics-associated heavy metals on beaches
in the analyzed sources are considered. It should be stressed that the interpretations of this
danger differ between the works: it is argued via comparison to some reference levels or via
experiments or it is only hypothesized on the basis of too general assumptions (the latter
occurs too often). This situation is expected because many works focus on the general issue
of beach pollution by plastics, and heavy metals are considered “marginally”. Moreover, it
appears that the comprehensive studies of heavy metal cycling in different environments
polluted by plastics are yet to be done, and, thus, the only preliminary judgments of
the noted danger are possible. Second, the notions of whether the industry of tourism,
hospitality, and recreation contributes to the accumulation of plastics and associated heavy
metals are taken into account.
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Table 1. The bibliographical information compiled for the purposes of this study.

Source Heavy Metal(s) * Locality Dangerous Levels ** Tourism Impact ***

[70] Cr, Hg, Ni Cartagena (Colombia) Yes

[71] Cd, Cr, Zn Southwest England (UK) Yes

[72] Hg Persian Gulf and Kuwait Bay (Kuwait) Yes Yes

[73] Cd, Cr, Zn Guadeloupe (France) Yes

[74] Cd, Cr, Zn Guadeloupe (France) Yes

[75] Cd, Cr, Ni Persian Gulf (Iran) Yes

[76] Cd, Zn Guadeloupe (France)

[77] Cd, Hg, Zn Vancouver (Canada) Yes Yes

[78] Cd, Cr, Ni, Zn Gulf of Guinea (Nigeria)

[79] Cd, Cr, Ni, Zn Gulf of Guinea (Nigeria) Yes

[80] Hg Gdansk and Gdynia (Poland) Yes

[81] Cd, Cr, Ni, Zn Southwest England (UK) Yes

[82] Hg South Texas (USA) Yes

[83] Cd, Cr, Ni, Zn St Mary’s Island (India) Yes Yes

[84] Cd, Cr, Ni, Zn Texel (the Netherlands)

[85] Cd, Ni, Zn Hong Kong (China) Yes

[86] Cd, Cr, Ni, Zn Vis Island (Croatia) Yes

[87] Cd Southwest England (UK) Yes

[88] Cd, Cr Goto Islands (Japan) Yes

[89] Cd, Cr, Ni, Zn West Coast (Sri Lanka) Yes

[90] Cr, Ni, Zn Chennai (India) Yes Yes

[91] Cr, Ni, Zn Veracruz (Mexico) Yes

[92] Hg Murcia (Spain) Yes Yes

[93] Cr West Coast (Sri Lanka) Yes Yes

[94] Cd, Ni, Zn Bahia (Brazil) Yes

[95] Cr Chennai (India) Yes Yes

[96] Cr Claromecó (Argentina) Yes

[97] Cd, Cr, Hg, Ni, Zn Southwest England (UK) Yes

[98] Cd, Cr Southwest England (UK) Yes

[99] Zn Southwest England (UK)

[100] Cd Southwest England (UK)

[101] Cd, Cr, Hg, Zn Northwest Europe (France, the
Netherlands, UK) Yes

[102] Cd, Cr, Ni, Zn Southwest England (UK) Yes

[103] Cr, Zn São Paulo (Brazil)

[104] Zn KwaZulu-Natal (South Africa) Yes

[105] Cd, Cr, Ni, Zn Shenzhen (China) Yes

[106] Cd, Cr, Ni Pearl River Estuary (China) Yes Yes

[107] Cr, Ni, Zn Kota Kinabalu (Malaysia)

Notes: * from those heavy metals considered in this study (Cd, Cr, Hg, Ni, Zn); ** direct statement of real and
hypothesized (potential) dangers from heavy metal(s) associated with plastics; *** direct statement of contribution
of tourism, hospitality, and recreation to plastic supply/accumulation (in some papers, the origin of (micro)plastics
is not discussed).
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3. Results

3.1. Geographical Patterns

The association of the selected heavy metals with plastics on beaches was reported
for many parts of the world. Our analysis of the published data permits the registration of
thirteen localities belonging to twelve countries for cadmium (Table 2), seventeen localities
belonging to fifteen countries for chromium (Table 3), nine localities in nine countries
for mercury (Table 4), thirteen localities from twelve countries for nickel (Table 5), and
sixteen localities belonging to fourteen countries for zinc (Table 6).

Table 2. Localities where cadmium associated with plastics have been studied.

ID Locality Sources

BA Bahia (Brazil) [94]

GO Goto Islands (Japan) [98]

GU Guadeloupe (France) [73,74,76]

GG Gulf of Guinea (Nigeria) [78,79]

HK Hong Kong–Pearl River Estuary (China) [85,105,106]

NF Northern Coast (France) [101]

PI Persian Gulf (Iran) [75]

SE Southwest England (UK) [71,81,87,97,98,100–102]

SM St Mary’s Island (India) [83]

TE Texel (the Netherlands) [84,101]

VA Vancouver (Canada) [77]

VI Vis Island (Croatia) [86]

WS West Coast (Sri Lanka) [89]

Table 3. Localities where chromium associated with plastics have been studied.

ID Locality Sources

CA Cartagena (Colombia) [70]

CE Chennai (India) [90,95]

CL Claromecó (Argentina) [96]

GO Goto Islands (Japan) [88]

GU Guadeloupe (France) [73,74]

GG Gulf of Guinea (Nigeria) [78,79]

HK Hong Kong–Pearl River Estuary (China) [105,106]

KK Kota Kinabalu (Malaysia) [107]

NF Northern Coast (France) [101]

PI Persian Gulf (Iran) [75]

SP São Paulo (Brazil) [103]

SE Southwest England (UK) [71,81,97,98,101,102]

SM St Mary’s Island (India) [83]

TE Texel (the Netherlands) [84,101]

VE Veracruz (Mexico) [91]

VI Vis Island (Croatia) [86]

WS West Coast (Sri Lanka) [89,93]
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Table 4. Localities where mercury associated with plastics have been studied.

ID Locality Sources

CA Cartagena (Colombia) [70]

GD Gdansk and Gdynia (Poland) [80]

MU Murcia (Spain) [92]

NF Northern Coast (France) [101]

PK Persian Gulf and Kuwait Bay (Kuwait) [72]

SE Southwest England (UK) [97,101]

ST South Texas (USA) [82]

TE Texel (the Netherlands) [101]

VA Vancouver (Canada) [77]

Table 5. Localities where nickel associated with plastics have been studied.

ID Locality Sources

BA Bahia (Brazil) [94]

CA Cartagena (Colombia) [70]

CE Chennai (India) [90]

GG Gulf of Guinea (Nigeria) [78,79]

HK Hong Kong–Pearl River Estuary (China) [85,105,106]

KK Kota Kinabalu (Malaysia) [107]

PI Persian Gulf (Iran) [75]

SE Southwest England (UK) [81,97,102]

SM St Mary’s Island (India) [83]

TE Texel (the Netherlands) [84]

VE Veracruz (Mexico) [91]

VI Vis Island (Croatia) [86]

WS West Coast (Sri Lanka) [89]

Mapping the collected literary information implies the wide geographical distribution of
the beaches with plastics bearing the selected heavy metals (Figures 2–6). Although the most
intensively studied locality is Southwest England in the United Kingdom, one should note
the presence of such beaches in Africa, the Americas, Asia, and Europe. The previous studies
were concentrated in West Europe and South and East Asia. Significant attention has been
paid to South India and Sri Lanka. The majority of the localities correspond to the coasts of the
Atlantic and Indian oceans. This is true for all five heavy metals (Figures 2, 3, 5 and 6), except
for mercury, for which the localities tend to concentrate along the Atlantic coasts only (Figure 4).
Zinc is the only considered heavy metal, for which an association with plastics is reported from
more than one locality in Africa (Figure 6). Nonetheless, the observed association of cadmium,
chromium, mercury, nickel, and zinc with beached plastics across the globe seems to be a global
phenomenon because it is found in different geographical domains, and this is true even for
mercury with the least number of localities (Figure 4).

In some cases, the concentrations of the selected heavy metals are found to be elevated
enough to speculate about real or potential dangers to the local environment (Table 1).
However, it is explained above that the bases of such judgments differ and are not always
clear in some cases. It should also be noted that tourist activities may be responsible for the
accumulation of plastics bearing heavy metals (Table 1).

29



J. Mar. Sci. Eng. 2023, 11, 626

Table 6. Localities where zinc associated with plastics have been studied.

ID Locality Sources

BA Bahia (Brazil) [94]

CE Chennai (India) [90]

GU Guadeloupe (France) [73,74,76]

GG Gulf of Guinea (Nigeria) [78,79]

HK Hong Kong–Pearl River
Estuary (China) [85,105]

KK Kota Kinabalu (Malaysia) [107]

KZ KwaZulu-Natal (South Africa) [104]

NF Northern Coast (France) [101]

SP São Paulo (Brazil) [103]

SE Southwest England (UK) [71,81,97,99,101,102]

SM St Mary’s Island (India) [83]

TE Texel (the Netherlands) [84,101]

VA Vancouver (Canada) [77]

VE Veracruz (Mexico) [91]

VI Vis Island (Croatia) [86]

WS West Coast (Sri Lanka) [89]

Figure 2. Geographical distribution of the beaches with Cd-bearing plastics in the light of the literary
information (see Table 2 for IDs of localities).

Synthesizing the knowledge of five heavy metals associated with plastics on sea beaches
allows for making two important observations. First, the scale of the problem seems to be
global. Although the number of the studies was rather limited, the records from many parts
of the world (Figures 2–6) and different geographical settings prove the wide distribution
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of the beaches with plastics bearing heavy metals, the concentrations of which often reach
dangerous levels (Table 1). Second, the five selected metals differ by the number of the studied
localities (Tables 2–6), with mercury as the least frequently reported (Table 4). It cannot be
excluded that these differences can be explained by the analytical difficulties of investigations
differing for the selected heavy metals.

Figure 3. Geographical distribution of the beaches with Cr-bearing plastics in the light of the literary
information (see Table 3 for IDs of localities).

Figure 4. Geographical distribution of the beaches with Hg-bearing plastics in the light of the literary
information (see Table 4 for IDs of localities).
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Figure 5. Geographical distribution of the beaches with Ni-bearing plastics in the light of the literary
information (see Table 5 for IDs of localities).

Figure 6. Geographical distribution of the beaches with Zn-bearing plastics in the light of the literary
information (see Table 6 for IDs of localities).

3.2. Selected Examples

For cadmium, a representative example includes the beaches of Vancouver in Canada
(Figure 2). There, Fernandes et al. [77] examined litter from the beach surface and, particu-
larly, reported significant concentrations of cadmium (up to 32.3 μgg−1) in candy wrappers
from recreational areas. Even higher concentrations of this metal were found there in an
unidentified fragment, presumably of industrial origin. Taking into account the signifi-
cance of recreational activities on some studied beaches, where more than half of the plastic
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litter consists of food packaging [77], the related source of cadmium raises environmental
concerns. A comparison with the “natural” levels of cadmium in beach sediments and
nearby seawater is required to judge the pollution and true environmental risks.

For chromium, a notable example is the beaches of Chennai in India (Figure 3). Initially,
Suman et al. [95] reported the absorption of trace metals, including chromium, on the
surface of petroleum-based plastic debris collected from the beach surface and the upper
layer of sediments. Its concentrations reach 1.11 μgg−1, and they are relatively higher for
polyamide polymers. Although the contribution of tourism and hotels may matter, the
authors of this study indicated on the different origins of plastics in their case. A bit later,
Ranjani et al. [90] undertook an extensive examination of microplastics on the southeast
coast of India (Chennai coast) where the upper layer of sediments was sampled. Their study
proved the adsorption of chromium on plastics and multiple sources of the latter. These
specialists also stressed the major role of the industry of tourism, hospitality, and recreation
in the supply of plastics and its seasonal variations on several beaches. Importantly,
they take into account the concentrations of heavy metals in coastal environments to be
compared from those in plastics.

As an example for mercury, the Mediterranean beaches of Murcia in Spain can be
considered. According to Santos-Echeandía et al. [92] who examined different parts of
these beaches, the concentration of mercury exceeds 8200 nmol kg−1. This metal tends
to associate with polyurethane and polyvinyl chloride and with black plastics. In regard
to what is reported in this study, the association can be explained by both additives and
absorption. Although different sources of plastics are proposed, beach recreation is among
them. Importantly, it appears that plastics are able to increase concentrations of mercury
higher than those in the aquatic environment, with the related effects on exposure of
organisms to Hg-pollution.

A typical example for nickel can be found in Kota Kinabalu in Malaysia, where beached
plastics were studied by Zahari et al. [107] who sampled the upper layer of beach sediments.
Their investigation established the concentrations of nickel up to 20 mg kg−1. Interestingly,
this metal associates with different kinds of plastics on different beaches: polypropylene in
one case and polystyrene in the other case. The interpretations of the sources of plastics
presented in the work by Zahari et al. [107] leave the impression that these sources are
diverse, being linked to local household activities and delivery by currents and waves;
nonetheless, the contribution of beach recreation cannot be excluded. Indeed, a comparison
to nickel concentrations in beach sediments and seawater will provide new insights.

For zinc, a representative example is the beaches of Shenzhen, which is attributed to
the Hong Kong–Pearl River Estuary in South China. Xiang et al. [105] reported the relatively
high concentrations of zinc (>500 mg kg−1) from plastics collected on these beaches. The
experiments showed that heavy metals (including zinc) from plastics do not pose negative
health effects. However, the same example implies that recreational activities contribute
substantially to accumulation of Zn-rich plastics.

4. Discussion

4.1. Biases and Related Interpretations

The registered geographical patterns (Figures 2–6) do not reflect true differences in the
distribution of plastics-associated heavy metals, but they reflect differences in the scope of
the international research and the analytical opportunities. There are evident geographical
biases. Of the biggest concern is the absence of information (at least, it was not found
with this bibliographical survey) from Australia, with its long shoreline and numerous
beaches. The localities tend to concentrate along the coasts of the Atlantic and Indian
oceans, whereas those of the other oceans are too rare or absent. The scarcity of information
from the Mediterranean appears to be intriguing.

Speaking about the noted biases highlights another, research-related issue. One
would hypothesize that investigations of the association of heavy metals with plastics
requires advanced analytics and significant funding, and, thus, they should concentrate
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in the developed countries. However, the outcomes of the present analysis of the literary
information (Tables 2–6) totally disprove such a hypothesis. Many localities are found in
the developing countries, and they were investigated by the research teams from these
countries to mark their big success in high-class research. In contrast, the records from
some developed countries are scarce or absent, which questions the research agenda there.
Most probably, the geographical biases should be explained by the very sporadic interest of
the entire international research community to the urgent problem, which coexists on the
agenda together with many other problems. Anyway, the intense studies of this problem in
Southwest England [71,81,87,97–102], Guadeloupe [73,74,76], and South China [85,105,106]
demonstrate how this research theme can rise in relation to the particular areas.

The present synthesis implies that plastics bearing heavy metals are often supplied by
the industry of tourism, hospitality, and recreation (Table 7). The analysis of the content of
the collected literature (Table 1) also suggests that this industry is significant, but usually
only one of many (local and remote) sources of plastics, and it dominates rather rarely (see
also the examples given above). Moreover, the literature often suggests that the proper
management of beaches, including regular cleaning and restrictions for visitors, minimizes
the role of this source to a significant degree (for instance, see [107] about the efficacy of
such measures in Kota Kinabalu in Malaysia). Nonetheless, the other research has shown
that the industry of tourism, hospitality, and recreation can produce voluminous amounts
of plastics on beaches, which also actively “catch” plastics delivered by currents and
waves. The related lines of evidence were obtained from Bali in Indonesia [108], California
in the USA [109], Northern Sardinia in Italy [110], Phuket in Thailand [111], and South
Australia [112]. If so, one can assume that the knowledge of heavy metals associated with
plastics on beaches due to touristic activities (Table 7) remains very incomplete, and the
problem may be significantly stronger than one can imagine. A specific issue deserving
attention is the creation of artificial beaches and the modification of natural beaches for
recreational purposes. Apparently, they can become new barriers for the accumulation of
plastics bearing heavy metals, and, thus, the industry of tourism, hospitality, and recreation
contributes to the problem indirectly, i.e., even without the supply of plastics.

Table 7. Localities where plastics bearing heavy metals accumulate due to tourist activities.

Locality Heavy Metals * Sources

Bahia (Brazil) Cd, Ni, Zn [94]

Chennai (India) Cr, Ni, Zn [90,95]

Claromecó (Argentina) Cr [96]

Hong Kong–Pearl River Estuary (China) Cd, Cr, Ni, Zn [105,106]

KwaZulu-Natal (South Africa) Zn [104]

Murcia (Spain) Hg [92]

Persian Gulf and Kuwait Bay (Kuwait) Hg [72]

St Mary’s Island (India) Cd, Cr, Ni, Zn [83]

Vancouver (Canada) Cd, Hg, Zn [77]

Veracruz (Mexico) Cr, Ni, Zn [91]

West Coast (Sri Lanka) Cr [93]
Note: * all considered heavy metals reported in association with plastics from a given locality are indicated.

The present geographical synthesis proves the global scale of the problem with the
presence of heavy metals associated with beached plastics. Although its studies have remained
scarce, and the number of the related localities remains rather limited (Tables 2–6), cadmium
(Figure 2), chromium (Figure 3), mercury (Figure 4), nickel (Figure 5), and zinc (Figure 6)
are associated with plastics on the beaches in many parts of the world. Irrespectively of
whether heavy metals occur as additives or are adsorbed from outside (also from seawater),
they often tend to concentrate on beaches thanks to the accumulation of various plastics. If
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so, the geochemical peculiarities of coastal environments experience changes. Taking into
account the noted global scale of these processes, it is possible to state their contribution to
the Anthropocene modification of the planetary environment. This geological interval is
marked by geochemical perturbations, including those linked to heavy metals [113,114]
and plastics [115]. It should be stressed that beaches are actively visited by definition, as
well as requiring cleanness and preservation of their natural state. Therefore, the noted
geochemical changes mark the situation when the specific Anthropocene dynamics affect
the specific anthropogenic environment.

4.2. Implications

Although the present work focuses on the geographical synthesis of the literary infor-
mation, its outcomes also permit outlining some practical implications. The association
of heavy metals (especially with dangerous concentrations) with plastics on sea beaches
is a serious challenge to the industry of tourism, hospitality, and recreation, for which
beaches constitute a crucial resource. The interests of beach visitors should be reflected by
policy-makers and the media. These stakeholders can pose tasks (these can be simplified as
the cleanness and environmental safety of beaches) and provide funding to researchers,
who can only realize the scale of the problem on the global, national, and local scales.
The outcomes of the related research projects should be communicated to the noted stake-
holders to prescribe regulations, rules, and recommendations to organizations of tourism,
hospitality, and recreation, as well as to the other stakeholders. The considered environ-
mental challenge seems to be too complex and still too poorly understood (for instance,
see the geographical biases identified above) that it cannot be addressed without “deep”
involvement of the international research community (Figure 7). As demonstrated by the
present study, research teams from many countries are able to provide the related service
to the contemporary society.

Figure 7. Proposed action framework for dealing with the studied problem.

The undertaken analysis of the available literature has faced certain difficulties. The
main difficulty is the significant heterogeneity of the published scientific information. The
problem is not that the different articles consider different heavy metals and different
localities. More important is that the outcomes of the particular studies are reported
differently. For instance, the concentrations of heavy metals are stated either numerically
in the text or only graphically on the figures, the links to different plastic types are either
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established or not, the real or potential dangers of particular heavy metals are often not
stated, and the relative contribution of the industry of tourism, hospitality, and recreation
remains unclear in many cases. The potentially demanded comparisons to concentrations
of heavy metals in beach sediments and coastal waters are not found in several (if not
many) works. Indeed, the manner of communication of the research outcomes cannot and
should not be standardized. However, the degree of heterogeneity of the available literary
information seems to be so high that it would be too difficult (most probably, impossible)
to accompany the present geographical synthesis with some more detailed generalizations
(alternatively, these would be incomplete and based on the chaotic information). More
comprehensively, it is not only geographical syntheses that are really demanded to realize
the patterns of the considered problem on the global scale. Indeed, some information can
be gathered from the available literature, but only for the limited number of the localities,
which makes the entire literary evidence rather imperfect.

In regard to that said above, it appears very logical to think about the creation of
the open-access database for collecting the information from the research projects linked
to heavy metal association with plastics on beaches. Examples of other environmental
databases [116,117] can be considered. However, even without such ambitious initiatives,
researchers can be recommended to present their results in a more systematic way. Scientists
should be aware of their responsibility for the development of policy and regulations of
emerging contaminants, including plastics [118,119]. Without the possibility of subsequent
synthesizing, the portions of precious, but too particular, information lose their conceptual
and practical importance. The presence of heavy metals in association with plastics on
sea beaches seems to be real challenge and reason for policy-making concerns, but its
understanding requires comprehensive scientific vision.

5. Conclusions

The present geographical synthesis of the literary information of heavy metals as-
sociated with plastics on sea beaches allows for making three general conclusions. First,
beached plastics bearing cadmium, chromium, mercury, nickel, and zinc are present in
many localities in different parts of the world, which is evidence of the global scale of the
problem. Second, from the five considered heavy metals, the geographical extent of the
knowledge of Hg-bearing plastics is the most limited. Third, the understanding of the
problem is biased geographically: the evidence from many beaches of the world, including
those where the industry of tourism, hospitality, and recreation can supply significant
amounts of plastics, is scarce or absent. More generally, the outcomes of the present study
widen the focus of the Anthropocene marine geochemistry.

The present study is pioneering, and, thus, it does not (and cannot) avoid limitations.
First, the five heavy metals are considered. Indeed, consideration of only them is enough to
outline the problem and to reveal its geographical scale. However, further investigations can
also pay attention to copper, lead, and other heavy metals. Second, this work focuses on the
general geographical distribution of the localities where heavy metals associate with plastics
on sea beaches. Further investigations can check some other spatial regularities—e.g., the
geographical relations of particular metals to particular types of plastics. However, such
“advanced” study will become possible only after accumulation of additional, significant
volumes of the more or less homogeneously reported information.

The present study highlights an important perspective for the current research in
marine and coastal plastics, namely organizing investigations to document the regional,
national, and global extent of the related problems. In other words, it seems to be worth
addressing geographical aspects in such studies. A promising issue for further geographical
investigations is the establishment of possible spatial relationships between plastic-related
heavy metals on beaches and environmental pollution linked to the artisanal and small-
scale mining of gold and other metals. It cannot be excluded that the related extractive
activities are responsible for a certain amount of heavy metals adsorbed later by marine
plastics, and the role of beach environments in these processes deserves close attention.
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Abstract: The Central Red Sea Rift is a natural laboratory to study the transition from rifting to
spreading. Based on new reflection seismic profiles and gravity modeling, we examined the crustal
structure, tectonic evolution, breakup mechanism, and future evolution of the Central Red Sea
Rift. Along this rift axis, the breakup of continental lithosphere is discontinuous and the oceanic
crust is limited to the axial deeps. The punctiform breakup and formation of deeps is assisted by
mantle upwelling and topographic uplift, but the nucleation is directly controlled by the normal-fault
system. The discontinuities spaced between axial deeps within the relatively continuous central
troughs are presently axial domes or highs and will evolve into new deeps with tectonic subsidence.
Isolated deeps will grow and connect with each other to become a continuous central trough, before
transitioning into a unified spreading center.

Keywords: Central Red Sea Rift; continental breakup; mantle upwelling; fault nucleation; rift to drift
transition; initial seafloor spreading

1. Introduction

The mechanism forming the very first piece of oceanic crust during continental breakup
has yet to be better understood [1–6]. The Central Red Sea Rift is transitional between the
southern Red Sea Rift, which has developed typical seafloor spreading with continuous
seafloor magnetic stripes, and the northern part, which lacks a rift valley and magnetic
anomalies (Figure 1a) [1,7–9]. The Central Red Sea Rift provides a unique window to
understanding the initial formation of oceans, as it is now undergoing the final breakup
and initial oceanization [10–13].

The Red Sea Rift connects with the East Africa Rift System and the Gulf of Aden
at the Afar Triple Junction (Figure 1a). It developed on the broad Precambrian Arabian–
Nubian shield that was strongly influenced by the Neoproterozoic Pan-African collisions
that formed NW-striking shear systems, suture zones, and lineaments [1,14]. The Arabian–
Nubian shield, as a part of Gondwanaland, has drifted northwards since the early Paleozoic
and collided with Eurasia by the end of the Eocene to Oligocene, forming the Bitlis–Zagros
Thrust (Figure 1a) [15–17]. The Arabian block relatively moved counter-clockwise with
respect to the Nubia block (Figure 1a), and the Cenozoic NW-striking intercontinental rift
systems started to develop along Pan-African inherited weak zones, in coincidence with
Afar volcanism (~30 Ma) [17–21].
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The Central Red Sea Rift has developed a series of spaced deeps with hypothesized
formation of oceanic crust along the rift axis. Magnetic anomalies and high seismic ve-
locity imply massive basaltic intrusions in the axial trough [22,23], and fresh basaltic
rocks were collected at Deep Sea Drilling Project (DSDP) Site 226 in the Atlantis II Deep
(Figure 1b) [24–26]. The deeps become sparser, narrower, shorter, and shallower north-
wards (Figure 1b) [1,27–29]. Groups of relatively closely spaced deeps form central troughs,
separated by inter-trough zones (ITZs) [22,27,30,31]. Within the troughs, deeps are further
spaced by second-order discontinuities in axial domes or highs (Figure 1b). There exist
marked differences in magnetic and gravity anomalies and structure and composition
between the deeps and inter-trough zones [22,30,32–36]. Similar geomorphic and structural
segmentation is also found in other propagation tips of spreading centers, such as the
Ostler fault zone in New Zealand [37], the Cocos–Nazca spreading ridge [38], and the
Woodlark spreading ridge [39], reflecting the mechanisms of initiation and propagation
of mid-ocean ridges. The formation of the deeps and breakup mechanism of these initial
spreading centers need to be clarified [37–39].

 

Figure 1. (a) Tectonic settings and the magnetic anomaly map of the Red Sea Rift. Bathymetry data are
from the GEBCO Compilation Group 2021 (https://www.gebco.net, accessed on 3 September 2021);
magnetic anomaly data are from EMAG2 (https://ngdc.noaa.gov/geomag/emag2.html, accessed
on 2 March 2020). Grey arrows show the plate movement of the Arabian Plate relative to the Nubia
Plate, and the direction and velocity are calculated from the model MORVEL [40]. Grey dashed box
shows the area of Figure 1b. (b) Bathymetry of the Central Red Sea. Red lines show the locations
of the reflection seismic profiles used in this study, the black dots show sites 225–228 on the DSDP
Leg 23 [24,41–43], and the white lines represent the “discontinuities” between axial deeps within
the trough.

In the Central Red Sea Rift, the nature of crust outside the deeps and the forces
controlling continental lithosphere breakup are still controversial. It was proposed that
the deeps are nuclei oceanic crusts formed by hotspot [25,27], or edge-driven mantle
convection [10,18], surrounded by continental crust with basaltic intrusions [11,18,22,44–46].
The deeps may also be pull-apart basins under regional pure shear crustal stretching, in the
early stage of punctiform fracturing [31,47,48]. In a two-stage seafloor spreading model
(41–34 and 4–5 Ma, respectively), Girdler and Styles [19] suggested that the oceanic crust
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is not limited within the main trough, but even extend over the whole shelves of the Red
Sea. Finally, the deeps may be just “windows” of the underlying well-developed spreading
center, exposed by the dissolution of salt deposits [5,32,49–52].

Existing models fail to reach a consensus on the distribution of oceanic crust in the Red
Sea Rift, and often neglect the interaction between mantle activities and tectonism. To study
the rifting process and the formation of the axial deeps, we interpret three new reflection
seismic profiles perpendicular to the rift axis. The eastern ends of the three profiles reach
different axial zones of the Central Red Sea Rift (Figure 1b), providing a chance to reveal
evolution from axial deeps to the inter-trough zones. We establish the initial oceanization
model of the Central Red Sea Rift to explain how a continuous spreading center forms and
how the rift to drift transition will be achieved.

2. Materials and Methods

2.1. Reflection Seismic Data Acquisition and Interpretation

The reflection seismic lines extend from the west shelf, crossing the main trough mar-
gin, to Red Sea Rift axis, for more than 80 km in distance (Figure 1b). They were acquired
and processed during the CPOC08 survey in 2008 by the Oil Exploration and Production
Authority, Sudan Ministry of Energy. The data acquisition parameters are listed in Table 1.
The data processing steps include low-cut band pass filtering, auto despike/manual bad
trace editing, F–K filtering, wave equation multiple reduction, geometrical spreading
compensation and exponential gain, surface consistent amplitude correction, Tau-P decon-
volution, surface related multiple elimination, high resolution demultiple filtering, prestack
time migration (PSTM), poststack zero phase deconvolution, FX-DCON, AGC, time variant
band pass, and equalization.

Table 1. Reflection seismic data acquisition parameters.

Parameters Values Units

Recording
Record length 8 s
Sampling rate 2 ms

Shot point interval 25 m

Streamer

Number 1 -
Streamer length 8100 m
Operating depth 7 m

Channels 648 -
Group length 12.5 m

Source
Airgun array volume 2960 cubic inch

Source depth 7 m

Based on the extensive geological studies and DSDP drill results [17,24,41–43,45,46,48,53–59],
three regional seismic unconformities in addition to the acoustic basement can be identified:
the top and bottom of salt deposition, and the reflector S, which can be traced in the whole
rift basin and is regarded as the transition from rifting to drifting at 5 Ma in the Southern
Red Sea Rift [16,17,19,22,60] (Figure 2).

From the Oligocene to the Middle Miocene, the Red Sea Rift experienced constant
extension and subsidence [15–17]. The seawater channels at the northern and southern ends
of the Red Sea rift opened successively and the sedimentary facies evolved from terrestrial
to hemipelagic-deep marine deposits (Figure 2) [61,62]. Due to the reorganization of the
plate kinematics along the Aqaba–Levant transform boundary at ~14 Ma, the seawater
exchange with the Mediterranean was restricted [12,16,62–65]. In addition, the climate
became arid to semiarid [32]. From the middle of Middle Miocene to the end of Middle
Miocene, evaporites were widely deposited across the whole Red Sea (Figure 2), with
thickness varying from tens of meters to thousands of meters [32,59,66]. After the long
period of tectonic quiescence and saline lake sediment (Figure 2) [25,60,67,68], during the
late Miocene, the Red Sea Rift basin reconnected with the Indian Ocean [62,69], forming
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layered evaporite and shallow marine deposits (Figure 2). The top of this sequence is
truncated by the reflector S. During the Plio–Pleistocene, the Red Sea Rift Basin maintained
a shallow marine environment (Figure 2). The sedimentary unit deposited in a stable and
relatively low-energy hydrodynamic environment.

 

Figure 2. Stratigraphy of the Red Sea. Basement composition and stratigraphy refer to previous
geological studies and DSDP drill results [17,45,46,48,54–59].

2.2. Free-Air Gravity Modeling

To study the nature of crust and deep structure of the Central Red Sea Rift, we apply
gravity modeling to explore the density structure of the study area.

The Moho reflector is unrecognizable in our profiles, so we calculated the Moho depths
through gravity inversion based on the Parker–Oldenburg method [70,71], following the
procedures of Bai et al. [72]. We estimated the mantle residual anomaly from the Bouguer
gravity anomaly model WGM2012 [73], after sediment thickness correction based on Crust
1.0 [74] and GlobSed [75], and lithospheric thermal correction based on the global age
model of oceanic crust [76,77].

Figure 3a shows the calculated Moho depth in the Central Red Sea region. We com-
pared our results with some published density and velocity structure profiles around the
study area to test the reliability of our results (Figure 3b) [16,35,47,78,79]. Our calculated
values are close to previously observed results especially near the rift axis (Figure 3b). The
errors in the continental margins were caused by thick and variable sediments, and the
gravity effects of these sediments may have been inadequately corrected. Moho depths
vary from a maximum of >20 km at the continental margin to about 5 km at the southern
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rift axis (Figure 3a). Along the rift axis, Moho rises under the troughs and deepens un-
der inter-trough zones. Moho also deepens northwards, consistent with the northward
propagation of the Red Sea Rift (Figure 3a).

 

Figure 3. Calculated Moho depth and comparison with published data. (a) Moho depth from gravity
inversion. Black lines show the isobaths of the calculated Moho depth. Grey lines along the rift
axis represent the isobaths of −900 m and −1800 m bathymetries. White lines indicate reflection
seismic profiles in this study. Black and white lines (AA’ [78], BB’ [47], CC’ [79]) represent locations
of the published density and velocity structures. White dots on the line CC’ show the distribution
of OBS stations within the Suakin Deep [9]. (b) Published density and velocity structures [47,78,79]
and microearthquakes records [9]. Red dashed lines indicate calculated Moho depths along pub-
lished profiles.

Initial density models were built based on reflection seismic data. In gravity modeling,
we update the model until the error between calculated values and observed free-air gravity
anomaly is acceptable. The structural layers and parameters we set are shown in Table 2,
with references to previously published results [7,9,47,78–81].

Table 2. Structural layers and parameters in the gravity model.

Layers Density (g/cm3) Velocity (km/s)

Water 1.06 1.5

Sediment
S1 (postsalt sediments) 2.3 2.8

S2 (salt) 2.2 4.0
S3 (presalt sediments) 2.4 3.5

Crust
Continental 2.8 6.2
Transitional 2.85 6.1

Oceanic 2.9 6.0

Mantle
Mantle 3.3 7.5

Upwelled mantle 3.1 7.6
Asthenosphere 3.27 7.4

3. Tectonic Evolution and Density Structure of the Central Red Sea Rift

3.1. Tectonic Evolution of the Central Red Sea Rift

Referring to the sedimentary evolution of the Red Sea (Figure 2) [17,24,41–43,45,46,48,53–59],
we can identify four major unconformities in the reflection seismic profiles. The top of
the acoustic basement reflectors are indistinct, but can be identified as the bottom of the
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sediment cover. The top and bottom of evaporite deposition are mainly traced accord-
ing to the different reflector characteristics between evaporite deposition and sub- and
supraevaporite seismic units (Figures 4–6). Evaporite deposition shows chaotic and blank
internal reflection and minor high amplitude reflectors from thin beds of anhydrite, shale,
mudstone, and siltstone [56,57], and the sub- and supraevaporite strata show moderately
continuous reflectors of intermediate to high amplitudes (Figures 4–6). The reflector S is a
significant regional unconformity, showing continuous strong reflectors. Faults are marked
by offsets in sequences, continuous reflectors, and major interpreted horizons (Figures 4–6).

3.1.1. Differential Sedimentary and Tectonic Evolution between the Axial Deep and ITZ

In the center of the Hatiba Deep, the acoustic basement is exposed to the seafloor with
a strong reflector distinguishable from the reflectors in the marginal area (Figure 4). In
profiles 054 and 050, the basement close to the southern inter-trough zone deepens and
flattens again (Figures 5 and 6). Intense fault activities concentrated at the boundaries of
axial deeps along the central trough, forming step-fault zones (Figure 4). On the contrary,
in the inter-trough zones, basement faults occurred on the rift axis before the late Miocene
(Figure 6), and the inter-trough zones experienced more uniform subsidence without active
fault activities in the later stage (Figures 5 and 6). Salt tectonics developed in the Central
Red Sea Rift are mainly salt domes, salt walls, diapirism, salt pillows, and salt anticlines,
usually forming angular unconformities and halokinetic sequences with the suprasalt strata
(Figures 4–6). Reflection seismic data reveals that evaporites were only exposed at the
boundary fault escarpments of the axial deep, and they uniformly deposited at the ITZ, but
were absent at the center of the deep (Figures 4–6).

 

Figure 4. Reflection seismic profile 060 and interpretations. Dashed box shows the area of Figure 7a.

During the Plio–Pleistocene, the southern part of the Red Sea Rift started seafloor
spreading and experienced the post-rift stage, while the central Red Sea Rift was still in the
syn-rift stage. Intense fault activities during the third rifting stage only concentrated at the
boundary of axial deep, shaping the step-fault zone and axial deep (Figure 4), leaving the
southern inter-trough zone subsided uniformly (Figure 6). The development and structural
style of salt tectonics correspond to the tectonic evolution of the whole rift basin. In the
Central Red Sea Rift, salt flowage towards the axis driven by heterogeneous gravity load
can strongly shape the geomorphology of the central trough [5,32,49–51]. The distribution
of evaporites along the rift axis reflects potential differential salt movement towards the
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axial deep and ITZ influenced by the basement topography [5,32], or dissolution of the
salt deposits in the axial deep associated with the hydrothermal circulation [32,52]. The
differential tectonism and evaporite deposition between the axial deep and the ITZ shaped
the rift axis with geomorphic segmentation.

 

Figure 5. Reflection seismic profile 054 and interpretations. Dashed box shows the area of Figure 7b.

 

Figure 6. Reflection seismic profile 050 and interpretations. Dashed box shows the area of Figure 7c.
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Figure 7. Deformed zones. Indicators of regional uplift: deformed basement, interrupted Pliocene–
Pleistocene sediments, and disturbances within the evaporite deposition. Differential crustal vertical
movement between the axial deep and the inter-trough zone. (a) Profile 060. (b) Profile 054. (c) Profile 050.

3.1.2. Deformed Zone and Postevaporite Uplift

The acoustic basement in the wide marginal area has reflectors with moderate ampli-
tude and continuity, and has gentle topography and forms horsts and grabens during the
development of the continental margin (Figures 4–6). Close to the rift axis, the basement
becomes less continuous, intensively disturbed, and tends to bulge upward (Figures 4–6)
compared with acoustic basement reflectors in the wide marginal area. Evaporite deposi-
tion in our reflection seismic profiles shows chaotic or blank internal reflection (Figures 4–6);
while corresponding to the deformation of the basement, discontinuous strong reflectors
were formed within the evaporites (Figure 7). The Pliocene–Pleistocene strata significantly
thinned around the deep and are absent in the center of the Hatiba Deep (Figures 4 and 5),
but thickened again in the inter-trough zone (Figure 6). Evaporites that flow into the rift
axis uniformly deposited at the ITZ, but were absent at the center of the deep (Figures 4–6).

Based on the observations, we define the domain where the basement formed a dome-
like structure and was significantly deformed as the deformed zone (Figures 4–6). The up-
bulge basement, significant thinning of Pliocene–Pleistocene strata, and the disturbance in
the evaporites (Figures 4–7) imply crustal vertical movements along the Central Red Sea Rift
axis after the evaporite deposition. Similar basement deformation and regional sedimentary
interruption were reported near the axial deeps, and are thought to be influenced by crustal
vertical movements during lithospheric thinning [19,22,27,32,82].

3.1.3. Formation of the Axial Deep

Our reflection seismic data further revealed the differential sediment and tectonic
evolution between the Hatiba Deep and the southern ITZ, suggesting differential vertical
crustal movements between the axial deep and the inter-trough zone. Thinner Pliocene–
Pleistocene strata around the deep than the inter-trough zone and the absence of evaporites
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in the center of the deep (Figure 7) indicate a high topography around the deep before
subsidence. Evaporites uniformly deposited at the ITZ, but were absent at the center of
the deep, implying the differential uplift that can influence the evaporite flowage into the
rift axis. The high topography around the axial deep can obstruct salt flowage towards
the deep [16,32], and the lack of the overlying Pliocene–Pleistocene strata can induce the
dissolution of evaporites at the center of the deep [32]. Without the uplift and higher
topography, the axial deep should be invaded by evaporites and covered by Pliocene–
Pleistocene strata, like the inter-trough zone (Figure 6).

Therefore, we proposed that the axial deep was the center of the “Postevaporite Uplift”
before collapsing to form deeps. After the evaporite was deposited, regional uplift occurred
along the rift axis. The basement was deformed and bulged upward, overlying evaporite
deposition was disturbed, and the Pliocene–Pleistocene sediments pinched out towards
the rift axis (Figure 8a). During the third rifting stage, intense fault activities focused on
the stress concentrations of early uplift, forming isolated axial deeps (Figures 4 and 8b).
However, the subsidence outside of the centers of uplift was uniform, forming gentle
inter-trough zones without the development of the normal-fault system (Figure 7c).

 

Figure 8. Sediment and tectonic evolution of the Hatiba Deep based on profile 060. (a) As the center
of the Pliocene–Pleistocene uplift. (b) Intense tectonic subsidence controlled the formation of the
deep. Lithologic patterns and unconformities refer to Figure 2.

3.2. Gravity Modeling Results

From the continental margin to the rift axis, the free-air gravity anomalies first reach a
low (~−20 mGal) at the model distance of 20 km due to thick deposition of low-density salt,
then increase to the maxima (~20 mGal) at the model distance of 60–80 km at the deformed
zones, and finally decrease towards the rift axis (Figure 9). In the deformed zones, the
free-air gravity anomaly highs in all three models are too large to be caused only by the
bulge of the basement that we observed in the reflection seismic profiles (Figures 4–6), even
taking the high-density oceanic crust into account. Denser materials are needed under the
deformed zones.
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Figure 9. Free-air gravity models of the profile 060 (a), 054 (b), and 050 (c).

In the Central Red Sea Rift, high-density anomaly at the depths of 8–15 km can be
caused by newborn oceanic crust under the whole main trough [22], prespreading igneous
intrusions to the Precambrian Arabian–Nubian shield [11], mantle diapirs into the crust [27],
or other processes related to the initial oceanization [83,84]. We have tested the newborn
oceanic crust or igneous intrusion with densities ranging from 2.9 to 3.0 g/cm3 [80], but
the calculated gravity anomalies were not high enough to fit the free-air gravity anomalies
at the deformed zones, especially in profile 050. Tramontini and Davis [22] also noticed
the density of the high-velocity layer under the axial trough almost needs to exceed the
maximum density of igneous rocks to fit the free-air gravity anomaly and suggested
the contribution of the mantle. We interpret the dense materials as upwelled mantle
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rocks (Figure 9). High average heat-flow value in the Red Sea and the formation of hot
hydrothermal brine indicate a relatively shallower heat source [85]. Initial oceanic basalts
collected in the rift axis reveal a high temperature but low-pressure melting, implying
ascending mantle during the initial burst of oceanic crust [10]. Blocks of mantle-derived
peridotite support the involvement of mantle upwelling during the evolution of the Central
Red Sea Rift [45,46,53]. Mantle upwelling is a possible driven force for the postevaporite
uplift we interpreted (Figure 8).

We confirm that the oceanic crust is only limited to the center of the axial deep. In
profile 060 (Figure 9a), the low relief at the eastern end would have given much lower
free-air gravity values than observation if the underlying crust was not oceanic. We model
the range of the intermediate crust and find it is limited to the boundary of the deep, where
the normal fault system is active. On the contrary, in profiles 054 and 050 (Figure 9b,c), the
nature of the crust at the eastern ends of these profiles can not be oceanic or intermediate
with the low free-air gravity anomalies, and the crust even thickens again to about 8 km in
profile 050 (Figure 9c). The extremely thinned crust above the upwelled mantle in profiles
054 and 050 cannot be intermediate or/and oceanic crust either, or the calculated gravity
values would exceed the observed values (Figure 9b,c).

3.3. Tectono-Geomorphic Segmentation of the Central Red Sea Rift

The Red Sea is a narrow young ocean with a burst of oceanic crust younger than 3–5 Ma
in its southern part. Since ~5 Ma, the third rifting stage has strongly shaped the Central Red Sea
Rift valley (Figures 4–6). However, the Central Red Sea Rift does not have a typical spreading
center yet, but formed segmentations of geomorphology, tectonism, and deep structure.

Geomorphic segmentation of the rift axis developed in two orders. The first-order
segmentation consists of relatively continuous central troughs and inter-trough zones; within
the troughs, there are still second-order discontinuities (axial domes or highs) between deeps
(Figure 10). Salt movement and local dissolution influenced the geomorphology along the rift
axis [5,32,49–51], but a simple sedimentary genesis cannot explain the regular segmentation.

 

Figure 10. Segmentation of the Central Red Sea Rift axis. (a) Bathymetric map of the rift axis; data
from Augustin et al. [34]. Grey lines are isobaths of −900 m, −1400 m, and −1900 m, respectively;
data from the GEBCO Compilation Group 2021 (https://www.gebco.net, accessed on 3 September
2021). Red dash line represents the axis of the Central Red Sea Rift. (b) Water depth variation along
the red dash line in (a). The red solid lines are indicators of the oceanic crust in axial deeps. Longer
arrows represent the first-order segments, central troughs spaced by ITZs; shorter ones represent the
second-order segments, axial deeps spaced by the discontinuities (represented by the black dots).
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The seismic reflection data reveal the differences in sedimentary and tectonic evolution
between the axial deep and the inter-trough zone. Close to the axial deep, the reflector S was
interrupted, and Pliocene–Pleistocene strata were quite thinned or even absent. The border
faults controlled the significant tectonic subsidence (Figure 4). While the inter-trough
zone had a variable tectonic condition, subsidence was uniform and hardly influenced by
the fault activities during the third rifting stage, and the basement was deeply buried by
thick sediments (Figures 5 and 6). Correspondingly, differences in the nature of the crust
between the axial deeps and inter-trough zones were further revealed by gravity models.
The oceanic crust is only limited in the center of deeps bounded by the normal fault systems
that developed during the third rifting stage (Figure 9), whereas in the inter-trough zone
the continental crust thickens (Figure 9). Besides, the Moho tends to rise under the main
troughs and deepens under the inter-trough zones (Figure 3). Bouguer gravity anomaly is
higher in the axial deeps than the inter-trough zone and discontinuities [35], indicating the
deep structure segmentation along the rift axis.

4. Punctiform Breakup and Initial Oceanization Mechanism

In contrast to previous views of a continuously developed spreading center or oceanic
crust extending coast to coast [19,51], we argue that the Central Red Sea Rift is still at
its initial oceanization. Differential evolution between the axial deeps and the inter-
vals/segmentations support the punctiform breakup, which formed sparse oceanization
windows interweaving with continental crust along the rift axis at first.

After the evaporite deposition in the middle Miocene, a regional uplift occurred, caus-
ing the basement bulge, sediment deformation, and anomalous thinning of the Pliocene–
Pleistocene strata (Figures 4–6). Gravity modeling suggests that the driving force of the
uplift is mantle upwelling (Figure 9). Huismans et al. [86] also proposed the occurrence of
asthenosphere upwelling and surface doming during passive extension of the intraplate
rift after the end of syn-rift through numerical models. However, mantle upwelling did
not directly cause the breakup of the continental lithosphere, contradicting previously
proposed mantle-dominate breakup models [11,18,27,87,88]. Mantle upwelling thinned the
continental crust to <5 km in thickness, but did not change the nature of the crust (Figure 9).

Mantle upwelling and regional uplift also concentrate stress. By comparing the effects
of the uplift between the deep and the southern inter-trough zone (Figure 7), we conclude
that the centers of the uplift were located in the present axial deeps. Consequently, the
fault activities during the third rifting stage concentrated at the deep boundary controlled
significant tectonic subsidence, while leaving the inter-trough zones tectonically quiescent
(Figures 4–6). It was the nucleation of the fault system that directly led to the punctiform
breakup and the initial oceanization limited in the center of the deep (Figure 9).

Here we propose an initial oceanization model of the Central Red Sea Rift (Figure 11).
Before 5 Ma, the Central Red Sea Rift already experienced two rifting phases, forming
horst-graben systems in a wide zone and the main depression in the rift axis (Figures 4, 5, 6
and 11a). Along with the constant continental thinning and rifting under far-field stress,
pre-existing weak zones developed during the early Arabian–Nubian shield evolution
could reactivate and influence the upper mantle evolution. The inherited basement struc-
ture has an impact on the localization and orientation of rifting [89–91] and reactivates
rheological heterogeneity [92]. The lithosphere mantle in pre-existing weak zones is less
viscous and easier to trigger small-scale mantle upwelling and be eroded by convective
asthenosphere [92,93]. The passive mantle upwelling can cause topographic uplift and
thinning and weakening of the lithosphere [38,93]. In the Central Red Sea Rift, mantle
upwelling did not induce massive volcanism and the direct breakup of the continental
lithosphere. The rising mantle can weaken the overlying thin lithosphere due to a higher
geothermal gradient, and translithospheric faults developed around the boundaries of
the rift axis under the long-term extension may induce partial melting of the lithospheric
mantle (Figure 11b) [11,94,95]. The underplating of high-density materials derived from
melts occurred in the lower continental crust (Figure 11c). After the mantle upwelling, the
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centers of uplift were prone to concentrating extensional stress in the next stage. The onset
of fault nucleation in the third rifting phase was limited in isolated deeps (Figure 11c). The
well-developed normal-fault systems at the boundaries of the deeps controlled the extreme
tectonic subsidence there (Figure 4), and the continental lithosphere finally broke up and
seafloor spreading started (Figure 9a).

 

Figure 11. Conceptual model of initial oceanization. (a) Early rift initiation, after the first two rifting
stages (30–35 Ma). (b) Mantle upwelling and topographic uplift concentrated in the weak zones. (c)
Nucleated normal-fault systems controlled the final breakup and formation of the oceanic crust.

5. Future Evolution to a Continuous Spreading Center

Axial deeps first achieved the initial oceanization, and constituted the second-order
segments of the Central Red Sea Rift with the axial discontinuities (Figure 10). Once the
oceanic crust was generated sparsely along the rift axis, the instability of the lithosphere
between the deeps and discontinuities could trigger small-scale mantle convection at the
discontinuities. The discontinuities are at present axial domes or highs (Figure 10), with
high free-air gravity anomalies (Figure 12a). Geochemistry also suggests relatively hot
materials underlying the discontinuities [96,97]. These discontinuities are probably in the
earlier stage of the continental breakup experiencing mantle upwelling and consequent
topographic uplift (Figure 11b), and will evolve into new deeps after the stress concentration
and fault nucleation (Figure 11c). Inside the relatively continuous central trough in the
southern part of the Central Red Sea Rift, the free-air anomalies still show alternating highs
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and lows along the axial trough (Figure 12a), implying that the deeps and discontinuities
subsided successively before forming troughs.

Figure 12. Geophysical and kinematic characteristics of the Central Red Sea Rift. (a) Free-air gravity
anomalies of the Central Red Sea Rift [98]. Black lines along the rift axis indicate the isobaths of
−900 m and −1800 m. (b) Plate kinematic, heat flow, and earthquakes in the Central Red Sea Rift.
Black arrows represent relative motion angular velocities between the Nubia and Arabia, calculated
according to the model MORVEL [40]. Grey lines indicate the isobaths of −900 m and −1800 m. Focal
mechanism solutions of the earthquakes from 1976 to present are from the CMT catalog [99,100].
Dots are heat flow sites [101].

The growth of the normal-fault systems, from the nucleation to the growth and linkage,
will also play an important role in future evolution. North of 21.5◦ N, where the deeps are
more isolated (Figure 12b), the normal faults are spatially confined around the axial deep
and did not propagate to the inter-trough zone (Figures 4–6), and the normal-fault systems
are in the stage of initial nucleation. The most active and latest tectonism localizes in the
propagation tips of isolated fault systems, giving extremely high heat flow in the Atlantis II
Deep and the northmost deep in the Central Red Sea Rift (Figure 12b). With the continued
growth of the normal fault systems, early formed depocenters will enlarge by interacting
and linking with adjacent faults segments [102]. South of 20.5◦ N, the more mature and
relatively continuous central trough has been bounded by mature and active normal fault
systems according to earthquake focal mechanisms (Figure 12b). The normal fault system
will propagate northwards under the developing far-field stress of divergence between the
African and the Arabian Plates (Figure 12b).

The propagation mechanism of the Central Red Sea Rift can be applied to other
propagation tips of spreading centers that form isolated axial deeps [37–39]. When the
newly formed segments propagate in their preferred orientation controlled by the pre-
existing basement structures, the rheological heterogeneity of the lithosphere will trig-
ger mantle upwelling and activation of the inherited basement structure under far-field
stress [38,39,89–94]. Isolated deeps form after the fault rupture and bounding fault sys-
tems gradually grow and line up [37]. The interaction and linkage between major fault
segments may induce the offset between two adjacent major segments and the initiation of
the transform faults [31].
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6. Conclusions

The ongoing breakup of the continental lithosphere in the Central Red Sea Rift is
discontinuous in time and space. At present, the punctiform breakup of the lithosphere
and newborn oceanic crust are limited in the center of the axial deeps.

Two factors played important roles in the formation of the axial deeps, that is, mantle
upwelling and normal-fault nucleation. Mantle upwelling in the Central Red Sea Rift was
punctiform, triggered by rheological heterogeneity of lithosphere caused by pre-existing
basement structure and newly formed weak zones. Mantle upwelling caused topographic
uplift, high-density material underplating, and stress concentration, rather than direct
continental breakup. It was the normal-fault system nucleated in the third rifting stage that
shaped the deeps in the rift axis and controlled the final breakup.

Driven by the instability of the lithosphere after the discontinuous breakup, the
discontinuities between the deeps are experiencing mantle upwelling and uplift now, and
are destined to evolve into the future deeps by fault nucleation. The originally isolated
normal-fault systems will gradually grow and interact and link with each other. Finally,
the Central Red Sea Rift will evolve into a continuous newborn spreading center.
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Abstract: The linear Ninetyeast Ridge (NER) is the longest oceanic intraplate volcanic edifice and
main feature in the Eastern Indian Ocean. Many seamounts are located on the ridge, whose origin and
age remain unclear due to the lack of samples of the bedrock of which they are composed. Carbonate
sedimentary caps on these seamounts prevent their direct geological sampling by dredging, therefore
indirect geophysical methods are an alternative. Such integrated geophysical studies (the main
methods are multibeam bathymetry and magnetic surveys) were carried out in cruise #42 of the R/V
Akademik Boris Petrov in 2017 on a large seamount at the base of the NER’s western slope near 0.5◦ S.
The collected data also includes seismic reflection data that reveal morphology, fault tectonics, depth
structure, and an assumed origin of this volcanic feature. The Ninetyeast Ridge was formed by the
Kerguelen plume magmatism at 50◦ S in the giant N-S fault. The seamount studied in cruise #42 of
the R/V Akademik Boris Petrov was formed mainly to the north as a result of two-stage magmatism in
a transverse strike-slip fault. The first stage (47 Ma) formed the main western part of the seamount
at 20◦ S. The second stage (23 Ma) formed its eastern part at 8◦ S. The time intervals between the
formation of the main massif of the Ninetyeast Ridge and the stages of subsequent magmatism that
formed the western and eastern parts of the seamount are approximately 31 and 55 Ma, respectively.

Keywords: seamount; Ninetyeast Ridge; bathymetry; fault; high-resolution seismic data; reflector;
magnetic field; anomaly

1. Introduction

Bathymetric surveys in the world’s oceans revealed a large number of seamounts, the
vast majority of which were formed at the boundaries of the lithospheric plate, where more
than 95% of volcanic activity is concentrated. However, some seamounts were formed away
from these boundaries. The explanation of intraplate volcanism required mechanisms and
structures other than those that define the tectonics of the lithospheric plates (spreading,
subduction, and transform faults). It was suggested that intraplate seamounts are the
surface trace of the “hot” mantle plume and can therefore be considered as windows
into the Earth’s interior, helping to explain various deep processes in the lithosphere [1].
The most important information on the composition and age of rocks composing oceanic
structures and, globally, on the chemical and physical properties of the oceanic lithosphere
is obtained by analyzing samples raised by dredging and drilling. However, for intraplate
seamounts in the world’s oceans, such data are very limited; therefore, various geophysical
methods are widely used to study them. In the Indian Ocean, there are many seamounts of
different ages, the formation of which cannot be explained by a single mechanism [2–7].
The central structure of the Eastern Indian Ocean is the Ninetyeast Ridge (NER), formed
according to the “hot spot trace” hypothesis as a result of the Indian Plate drift over the
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Kerguelen mantle plume [8–13]. This is evidenced by the results of seven DSDP and
ODP deep-water drilling sites due to a regular increase in the age of the basalts along
the ridge from south to north from approximately 40 to 80 million years [14,15]. In the
existing evolutionary models regarding the nature of the NER, there is generally some
disagreement, with the exception of its ancient northern segment, the formation of which is
unanimously attributed to intraplate volcanism in the Indian Plate away from the spreading
ridge [8,9,13,16,17].

On the main massive body of the ridge, many seamounts were observed along its
entire extent, including to the north of the equator [18]. Multibeam echosounder surveys
revealed their detailed morphology in different segments of the NER [19–21]. Kopf et al.
(2001) proposed that two seamounts in the southern segment of the NER near 17◦ S are
presumably 6 Ma younger than the adjacent parts of the ridge [19]. These conclusions
were obtained by correlating seismic profiles through these seamounts with the nearest
Site 757 ODP. Attempts to dredge some seamounts in the northern segment on the NER’ top
in cruise KNOX06RR of the R/V Roger Revelle in 2007 were unsuccessful due to sedimentary
caps [20,21]. Only from one volcano in the lower part of the western slope of the NER at 10◦
S in the #55 cruise of the R/V Vityaz in 1976 were basalts ~8 million years old dredged [22].
Thus, a young, late Miocene volcanism potentially existed 160 miles north of DSDP Site 214,
where the absolute age of the basalts was determined to be between 52.9 and 59.0 Ma, late
Paleocene–early Eocene [14,15], which, according to the above authors, cannot be explained
within the Kerguelen hotspot model of NER formation or generally from the plume theory.

The sparse grid of vessel magnetic survey profiles determines the weak study of the
anomalous magnetic field of the Ninetyeast Ridge, whose structure remains debatable to
date. In contrast to the regular series of linear magnetic anomalies in the basins adjacent to
the Ninetyeast Ridge [8,9], such single anomalies are rarely identified on the NER rather
conventionally due to the limited amount and poor quality of the available magnetic data.

Ideas about the structure and nature of the NER are largely based on the results ob-
tained in regular cruises of the Shirshov Institute of Oceanology (IO RAS) in the 70–80 years
of the last century [13,23,24]. In winter 2017, after a long break, cruise #42 of the R/V
Akademik Boris Petrov resumed geological and geophysical work in the Indian Ocean [25].
One of the tasks of the cruise was to investigate seamounts on the Ninetyeast Ridge. One
of them was investigated at the polygon in the area of 0.5◦ N and 88.8◦ E (Figure 1). This
seamount was selected from the ship’s route on the General Bathymetric Chart of the
Oceans (GEBCO) Gridded Bathymetry Data [26]. The polygon is located in the northern
segment of the NER, which morphologically is a series of echeloned massifs, presumably
tectonic blocks, into which it is broken by SW-NW strike-slip faults (Figure 1a) [21–23]. The
research included a bathymetric survey using a multibeam echosounder, high-resolution
seismic profiling with a parametric profiler, and a hydromagnetic survey. The survey on
the polygon was carried out at a speed of 9 knots simultaneously by these three devices on
seven profiles with a total length of about 120 km (Figure 1b).

The purpose of this article is to summarize the results from the first detailed geophys-
ical survey of the seamount on the NER to assume the time and origin of this seamount.
This allows for the generation of new ideas about the morphology of the seamount based
on the new detailed bathymetric survey with a multibeam, as well as new ideas about the
deep structure and nature of the mountain based on a detailed magnetic survey performed
for the first time. Together, these new results allow us to make assumptions about the
tectonic evolution of this NER segment. The new high-resolution seismic profiling data
evidence the recent tectonic processes in this area. They confirm the high tectonic activity,
which is manifested in the high modern seismicity [27–31].
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Figure 1. Scheme of the study area: (a) echeloned morphology of the northern segment of the
Ninetyeast Ridge (position in the inset), GEBCO map base (2019), red dotted line—assumed tectonic
faults, and star—deep ocean drilling sites DSDP and ODP; (b) bathymetric map with transects of
geophysical survey of cruise #42 of R/V Akademik Boris Petrov (solid line). Dotted line—profile of the
cruise RR1510 R/V Roger Revelle (2015).

2. Methods and Results

2.1. Bathymetry
2.1.1. Methods

A bathymetric survey of the seamount with continuous area coverage was performed
using the ATLAS HYDROSWEEP DS-2 deep-water multibeam echosounder (ATLAS HY-
DROGRAPHIC, Bremen, Germany), operating at a frequency of 15.5 kHz. A depth mea-
surement with an accuracy of 0.5% of its value was carried out by 240 beams in wide sector
(up to 120◦), with the acquisition bandwidth reaching 370% of the depth.

The Hydromap software version 4.2 system data acquisition, processing, and visu-
alization software allowed the survey process to be controlled. During post-processing
with the MB-System package [32], the raw multibeam echosounder data were processed
(filtered, smoothed, and corrected) and exported from the internal format into ASCII format
to calculate a digital elevation model (DEM).

Subsequently, the data for the DEM calculation were supplemented from the GEODAS
database [33] with data from the expedition RR1510 of the R/V Roger Revelle (2015) that
passed through this area [27]. The DEM was used for the construction of the bathymetric
map, as well as the calculation of morphometric characteristics, allocation of geomorpho-
logical units, etc., in the SAGA GIS program [34]. For the analysis of the relief given below,
the data from the seismic profiling by the ATLAS PARASOUND DS2 parametric profiler
were also used.

2.1.2. Results

The seamount is located in the lower part of the western slope of the NER at a depth of
>4500 m. Its relative height is ~1400 m and the minimum mark is 3093 m (Figures 1 and 2).
The base of the seamount on the isobath of 4500 m has an almost rectangular shape of
approximately 17 × 15 km. Its longer sides have a SW-NE strike (azimuth ~53◦), and
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the shorter ones have a SE-NW strike (azimuth ~307◦). The top elevated surface of the
seamount has a depth of <3300 m and dimensions of 7 × 4 km with an oval-shaped
SW-NE strike (azimuth ~53◦). On the relatively elevated summit surface, two SSW-NNE
ridges extend (azimuth ~25◦) 150–200 high. The same SSW-NNE strike-slip faults are
also observed deeper in the form of spurs in the lower parts of the slopes. It should be
noted that SW-NE and SE-NW strike-slip faults in the northern segment of the NER were
previously identified on the detailed survey polygons of the R/V Marine Geophysicist and
Pegasus (1982, 1983) and Roger Revelle (2007) [13,20,21]. Both trends are clearly evident in
the northern segment of the NER on the General Bathymetric Chart of the Oceans (GEBCO)
map [26].

 

Figure 2. Relief of the bottom of the studied area: (a) shaded relief; (b) 3D image; and (c) map of the slope’s
dip angles and orographic scheme, 1—axes of rises, 2—axes of depressions, and 3—individual peaks.

The seamount slopes differ significantly in their morphology. The western slope is
weakly dissected and steep, with slope angles ranging from 20 to 30–34◦ (Figure 2c). The
southwestern slope is somewhat flatter, with angles of 10–20◦, and is dissected by spurs
and depressions, as is the northwestern slope. At the foot of the latter, there is a broad
protuberance of WSW-ENE trending, formed by separate short ridges. The southeastern
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slope of the seamount is characterized by a rather complex relief. In its upper part, the
slope angles are 18–25◦, and at a depth of 3500–3550 m, a stage of about 1.5 × 2 km is
marked, with a conic hill in its center. At a depth of 3800–3900 m, a broad trough separates
a step of about 6 km long, in the southern part of which there is also a conic hill more than
150 m high. The slope angles in the lower part of the slope do not exceed 10◦, and only in
some places on the step ledges does it reach up to 20◦.

The morpho-structural analysis of the bathymetric data is obtained, and the bathymet-
ric map of the seamount constructed based on them (Figures 1 and 2) allows us to trace
several clear morphological trends, apparently of a tectonic nature. The rectangular shapes
of the seamount suggest that the formation of its modern morphology was also influenced
by tectonic factors, namely the existing fault zones. The most well-defined are the trends of
the SW-NE strike, which are evident in the topography of the seamount and the adjacent
section of the NER. These are consistent with the strike-slip structures (Figure 1a) that
define the specific echeloned morphology of the northern segment of the ridge [13,23]. The
nature and timing of the formation of these SW-NE strike-slip faults in the NER, which
possibly continue into the adjacent troughs, are still debatable and are not discussed in this
paper. Another distinct morphological trend is the orthogonal SE-NW strike-slip faults,
which can be traced in the relief of the basement of the seamount and deeper parts of the
polygon. Slightly different trends of SSW-NNE strike are observed in the topography of the
upper part of the seamount, with which the ridges on its vault are associated. The troughs
separating them are traced into the slope limits and divide the seamount into two massifs
(Figure 2). Similar troughs also separate the lower part of the southeastern foothill of the
seamount with dissected relief. The features of the seamount’s relief are well illustrated by
the seismic profiles crossing it (Figure 3).

2.2. Seismic Profiling
2.2.1. Methods

The high-resolution seismic reflection survey in cruise #42 of R/V Akademik Boris
Petrov was carried out with the parametric sub-bottom profiler ATLAS PARASOUND
DS-2. The ATLAS PARASOUND sub-bottom profiler acts as a low-frequency sediment
echosounder and as a high-frequency narrow-beam sounder to determine the water depth.
The sub-bottom profiler is based on the parametric effect, which is produced by additional
frequencies through nonlinear acoustic interaction of finite amplitude waves. If two sound
waves of similar frequencies (18 kHz and e.g., 22 kHz) are emitted simultaneously, a
signal of the difference frequency (e.g., secondary low frequency of 4 kHz) is generated
for sufficiently high primary amplitudes. This new component travels within the emission
cone of the original high frequency waves, which are limited to an angle of only 4.5◦ for
the equipment used. The penetration was up to ~80 m into the seafloor.

PARASOUND seismic data were recorded during all cruises in parallel with the
bathymetric survey. The study area included seven profiles, four of which crossed the
mountain. Unfortunately, due to technical and weather problems, the quality of the
materials is not high. The data obtained, which were recorded onboard with an SEG-
Y format, were processed using the RadExPro 2019.1 software. The workflow of the
processing consisted of the following steps: frequency filtering, muting, static correction,
equalization of the amplitudes, deconvolution, etc. IHS Kingdom Suite software version
8.8 was used for interpretation, visualization and construction of 3D images, as well as for
time/depth conversion by section. 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 [35–37]. We integrated available core data from the following sources
for interpretation of sedimentology: core data from Ocean Drilling Program (ODP) Leg
121 Site 758 (05◦23.04′ N, 90◦21.66′ E) and International Ocean Discovery Program (IODP)
Leg 353 Site 1443 (5◦23.01′ N, 90◦21.71′ E) [15,38]. These sites were drilled ~550 km north
of the study area. In the nearest Site 216 Deep Sea Drilling Program (DSDP) (01◦27.73′ N,
90◦12.48′ E), no samples were taken from the upper part of the section [14]. The drill sites
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have similar depositional environments; therefore, we assumed that the sedimentology
and physical properties did not vary significantly.

 

Figure 3. Seismic profiles of the ATLAS PARASOUND DS2 parametric sub-bottom profiler on a
very compressed scale through the seamount. The seafloor is highlighted in red. The location of the
profiles is shown in the inset above and in Figure 1b. More detailed portions of some seismic profiles
are shown in Figure 5a (Profile 5) and Figure 6b (Profile 3).
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2.2.2. Results

The visible thickness of the sedimentary cover according to seismic data is not constant.
It varies from a few meters to 80–100 m in the northwestern part of the study area. The four
seismic profiles crossing the seamount show no reflection boundaries in the sedimentary
cover on the seamount (Figure 3). The sediment structure with internal reflectors below the
bottom surface is really not visible due to the very compressed and very small scales of the
PARASOUND records. Furthermore, volcanic rocks composing the seamount are exposed
directly in the bottom surface, and acoustical seismic signals do not penetrate normally below
the seafloor here. Unconsolidated loose sediments with a thickness of several meters are found
here only in small depressions on the seamount. This pattern is typical for seismic reflection
profiles through seamounts. Therefore, the records of the sub-bottom profiler PARASOUND
with a high frequency of 4 kHz look similar to a recording of a single-beam echosounder.

The visible thickness of the sedimentary cover areas off the seamount slopes reaches
80–100 m (Figures 4–6). An analysis of the wave pattern of the seismic records in the
northwestern part of the study area made it possible to identify three seismo-stratigraphic
units, whose boundaries correspond to horizons named A, B, and C (Figure 4). Prominent
seismic reflectors/horizons were traced visually based on their characteristic reflection
pattern, amplitude, and continuity.

 

Figure 4. Seismic line 6 north to the seamount: (a) original uninterpreted and (b) interpreted. Re-
flectors A, B, and C are shown by green, orange, and violet lines. 1—seismo-stratigraphic unit 1;
2—seismo-stratigraphic unit 2; 3—seismo-stratigraphic unit 3; 4—disturbed zone with a chaotic
acoustic structure and no of correlation of reflectors; and 5—fault. It was not possible to iden-
tify the seismo-stratigraphic unit below reflector C. The position of line 6 is shown in Figure 1a.
(c)—lithostratigraphic summary of Site 758 ODP. 1—clayey nannofossil ooze; 2—nannofossil ooze;
3—clay; and 4—volcanic ash.
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Figure 5. The PARASOUND profiles near the seamount slopes showing fault possible activity.
(a) Profile 5 north to the seamount. (b) Profiles 4 and 5 south to the seamount. Possible faults (red dotted
line) in the upper part of the sedimentary section, coming to the bottom surface. The red arrows show
the direction of displacement along the fault. The position of the profiles is shown in Figures 1b and 3.
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Figure 6. Fragments of seismic profiles 2 and 3 through the landslide bodies in the north of the
polygon. (a) common view; (b,c) view in details. The position of the profiles is shown in Figure 1b.
Reflectors A, B, and C in (c) mark possibly the ash interlayers.

Seismo-stratigraphic unit 1 is located between the bottom and reflector A and has a
thickness of about 2–3 m. It is traceable in all seismic sections. reflector A is a continuous,
high-amplitude, relatively smooth boundary that almost conformally repeats the bottom
topography. Then, seismo-stratigraphic unit 2 follows, the bottom of which is the bound-
ary B. It is characterized by acoustic facies with parallel, high-amplitude discontinuous
reflectors. Reflector B stands out at a depth of 7–9 m; it has a lower amplitude and is
more discontinuous than reflector A. Seismo-stratigraphic unit 3 has seismic facies with
parallel, high-amplitude continuous to discontinuous reflectors. The lower boundary C at a
depth of 11−15 m stands out in some places, more often being a series of close intermittent
high-amplitude reflections. Below seismo-stratigraphic unit 3, no layering can be traced in
our seismic sections.

These reflectors mark the geological boundaries of sediment layers with different
physical properties of sediments, primarily density, which is usually due to changes in their
lithology. For the lithological and stratigraphic interpretation of seismic profiles, the results
from deep ocean drilling sites 758 and 1443 [15,38] were used. We understand that our
sections did not cross the drilling sites. Nevertheless, we are trying to give a lithological
characteristic to seismo-stratigraphic units. The sites are close to each other and have a
similar section. For analysis, we studied the top of section of Site 758. The upper part
(0–25 m) of it consists of alternating clay-rich and clay-poor layers of nannofossil ooze with
several thick and thin ash layers. Deeper than 25 m of nannofossil ooze with clay was
drilled. At a depth of 2 m, the first ash layer of up to 10 cm thickness was identified in
the core section. We suppose that the high-amplitude reflector A in the seismic section
is correlated with this ash layer (correlation lines are shown by a dotted line between
Figure 4b,c), and seismo-stratigraphic unit 1 represents nannofossil ooze.
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At a depth of 8 m, an ash layer up to 23 cm thick was identified in the site core.
Possibly, reflector B is associated with the appearance of this relatively thick ash horizon in
the sedimentary section, and seismo-stratigraphic unit 2 is nannofossil ooze with clay and
frequent interbedding of thin layers of ash. In this interval, a change in physical properties
is also noted: a decrease in CaCO3 content and a slight increase in density. One of the
largest layers of ash for this section is noted at a depth of 11 m and has a thickness of 13 cm.
Perhaps this ash layer is the C boundary. The seismo-stratigraphic unit 3 also represents
clayey nannofossil ooze. The sediments are more bioturbated and contain less ash layers.
Furthermore, this core interval is characterized also by a change in physical properties: a
decrease in CaCO3 content and a slight increase in density. Thus, there is a rather high
degree of correlation between seismic reflectors and the lithology of the upper part of the
sedimentary section. According to core data, we suppose that seismo-stratigraphic units 1,
2, and 3 can be placed in the Holocene–late Pleistocene age.

The northeastern part of the Indian Ocean south of Hindustan is characterized by
high tectonic activity manifested by intense crustal fracture deformation and the highest
oceanic intraplate seismicity [28–30]. This zone of intense intraplate deformation also
captures the northern segment of the Ninetyeast Ridge [15]. Here, strong aftershock events
of two mega-earthquakes of a magnitude of around 9 continued in the adjacent Warton
Basin [31]. It is believed that the high seismicity of the NER may be related to faults
extending down to the bottom surface [20,21]. Our seismic profiles near the seamount show
some signs of young, possibly modern neotectonic fault activity in the uppermost part of
the sedimentary sequence (up to 50–80 m) (Figure 5). Considering the distortion scale, the
faults are relatively gentle normal faults and have a small displacement amplitude. The
data obtained do not allow us to trace them in depth.

Further evidence of modern tectonic activity on the seismic profile are the acoustically
opaque zones with a chaotic internal sedimentary structure and an uneven bed (Figure 6),
which we interpret as landslide sedimentary bodies. The landslide is located in the north-
western part of the study area. The source area was observed as chaotic, discontinuous,
low-amplitude reflectors in the reflection seismic data were collected, with some continuous
stratigraphy visible. The observed pattern is in good agreement with the classical landslide
structures on the slope of marine tensional depressions and compressional elevations [39].
Reflectors A, B, and C were determined in the southwest part of the profile and have sharp
contact with the frontal deformation landslide zone. At first sight, the vertical boundary, at
which the reflectors abruptly cut off, may appear as a steep fault (Figure 6b); however, this
is due to a strong distortion of the recording scale (horizontal scale/vertical scale = ~30).
On the profile transformed to a more realistic view, which is not given in the paper, this
boundary is quite flat and characteristic of the landslide edge.

2.3. Magnetic Survey
2.3.1. Data and Methods

The hydromagnetic survey in cruise #42 of R/V Akademik Boris Petrov was carried
out with the MPMG-4 magnetometer (IO RAS production). A map of the anomalous
magnetic field (AMF) was synthesized based on the data of this cruise collected at the
studied area and the results of two surveys from the National Centers for Environmental
Information, NCEI database [40] (Figure 7a). The RMS error in the survey is estimated from
the 20 profile intersection points to be 6.3 nT, which is just over 1% of the AMF amplitude
over the seamount. This is a good result for open oceanic areas. To estimate the depth to
the center of magnetic masses, we apply the generally recognized method [41], which also
uses a radially averaged, frequency-normalized spectrum of magnetic anomalies.
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Figure 7. Anomalous magnetic field (AMF) above the seamount and testing of the hypothesis of
homogeneous magnetization of this structure: (a) measured field synthesized from geomagnetic
surveys, in nT; (b) seamount topography and contour (yellow bold line) limiting the position of the
homogeneous source in the horizontal plane, in m; (c) model AMF with a homogeneously magnetized
seamount, in nT; and (d) residual field (measured−model), in nT.

2.3.2. Results

An intense (>540 nT) alternating magnetic anomaly, extending from SW to NE, is
observed above the studied seamount (Figure 7a). The zone of the largest AMF gradients
is confined to the seamount top. This gradient zone of NE extension (azimuth 60–65◦)
separates rather smooth positive and negative parts of the anomaly. Its positive branch is
located above the northern slope of the seamount and continues into the adjacent deep-
water basin. It has two local maxima of approximately the same amplitude +305 nT
and +280 nT to the north of the oval top. This indicates a possible inhomogeneity of the
magnetization of the seamount. The negative branch of the anomaly with one minimum
~−240 nT is located above the southern slope of the seamount as well as in the adjacent
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deep-water basin. It is important to note that the main part of the magnetic anomaly
(>150 nT module, i.e., about 0.5 of the maximum amplitude) covers an area much larger
than the seamount foot along the 4500 m isobath. This may indicate that the magnetic field
in this section of the NER reflects not only the actual relief of the ocean floor, but also deeper
sources. In addition, the area of maximum AMF amplitudes is to the north of the seamount,
which is a characteristic of normally magnetized objects in the Southern Hemisphere.

A three-dimensional interpretation of the magnetic anomalies over the seamount
was performed and includes an analysis of the morphology of AMF and its gradients,
in order to highlight the structural boundaries and features of the spatial distribution
of the anomaly sources [42–45]. The key issue for this object located practically on the
equator was to determine the direction of its magnetization, since the correct analysis of
the AMF morphology and its gradients requires a reduction in the anomaly to the pole.
This problem was solved by successive application of the methods of the area analysis of
AMF—the Helbig magnetic moment method [46] and the method of interactive selection
of the equivalent source geometry, with a calculation of the average magnetization vector
by the least squares method. Both independent methods yielded results that are close in
inclination, −41◦ and −45◦, but quite different in declination, −62◦ and −27◦, respectively.
This difference is explained by the fact that the magnetic moment method is more sensitive
to edge effects and misaligned anomalies [47], which are obviously present in our data
(see Figure 7a). The analysis of the morphostructure of the analytical signal suggests
that structural lineaments orthogonal to its strike, possibly limiting faults, adjoin the
southwestern and northeastern edges of the main magnetic source. The morphostructure
of the analytical signal shows evidence of two centers in the deep structure of the object
confined to its flanks, which confirms the modeling results.

To estimate the magnitude and direction of the average magnetization of the seamount,
we also used the simplest model of a uniformly magnetized seamount; the results of this
fitting are shown in Figure 7b–d. These results clearly show that the magnetic structure of
our object is significantly more complex. The residual anomalies clearly demonstrate the
presence of at least one more intense source of anomalies in the NE part of the structure.
Therefore, we complicated the model and divided the volume of the seamount, considering
the morphostructural analysis performed, into four parts: two in the apical part, while the
other two are confined to the NE and NW slopes. However, in the process of solving the
inverse problem for four uniformly magnetized bodies, it turned out that the calculated
magnetization directions of the central and peripheral bodies practically coincide in pairs.
Therefore, we left the segmentation into the central and peripheral parts of the seamount
as the main one. Further interpretation was performed under the assumption that the
magnetization direction changes insignificantly within the given blocks (the geological–
structural inverse problem, according to [48]).

Before the vector three-dimensional interpretation, we also estimated the depth to
the lower edge of the sources of magnetic anomalies. During the selection of the simplest
models, the depth of the base of the model blocks was successively changed with a step
of 0.5 km in the range from 4.5 to 8 km. The best selection corresponded to the depth of
the seamount base at 7 km from the ocean surface (2.5 km deeper than the bottom of the
adjacent basin). The estimate obtained by the widely used spectral method [49,50] has the
same value: 7.08 km. Therefore, in further constructions, the lower edge of the models was
fixed at a depth of 7.1 km from the ocean level (2.6 km below the bottom in the seamount
area). It should be noted that the field morphology analysis and model selection were
carried out with simultaneous use of field data and their gradients, which significantly
increased the stability of the interpretation.

The determination of the average depth to the upper edge and center of magnetic
masses showed that the main depth interval, in which the sources of the anomaly are
located, is 3.5–7.1 km from sea level. This indicates the presence of the deeper roots of the
investigated seamount and indicates its volcanic nature.
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The results of solving the inverse problem, i.e., finding the vector inhomogeneous
magnetization in the volume of the mountain, are presented in Figure 8. We obtained
an almost complete coincidence between the measured (Figure 8a) and model (Figure 8c)
fields (correlation coefficient > 0.99). To verify the model, we also used the solution of
the direct problem with the found magnetization values, but under the condition of the
verticality of the magnetization vector and the direction of the external field - an analog of
reduction to the pole (Figure 8d), which is usually performed only by the AMF maps [45].
The direct correlation of the obtained anomaly with the relief (Figure 8b) is obvious, as
well as the confinement of the high magnetization values (Figure 8f) to the main volcanic
structures of the seamount—its central two-top block—located inside the white dotted line
in Figure 8b. The seamount is characterized by magnetization values up to 5.7 A/m with
an average value of 3.2 A/m, which are normal for this type of volcanic structure.

The magnetization vector directions obtained by solving the inverse problem were
recalculated into the paleolatitudes and age of the formation according to global modern
paleo-reconstructions. For each elementary volume in the seamount body, we can determine
the direction of this vector, and hence, the paleolatitude of its formation by the found
value of the magnetization vector, assuming that the magnetization, such as that of most
igneous rocks in the ocean, has a predominantly remanent component. Next, we used the
relationship between the paleolatitudes and age for any point on the Earth [51], based on
the modern paleotectonic reconstructions, to recalculate the paleolatitudes we found into
the ages. The magnetization directions calculated for the volume of the seamount form two
clusters with average values of −36◦ and −16◦, respectively, for the central and peripheral
blocks. These inclination values correspond to the paleolatitudes of 20◦ S and 8◦ S. The
results of determining the age of the seamount sections are presented in Figure 8e. The
proximity of the boundaries of the same-age areas to the dividing of the seamount set at
the first stage of the interpretation is noteworthy; apparently, this approach was successful,
which was confirmed by checking the recalculation of the magnetization in the poleward
anomalies. In general, the patterns of the age distribution of the seamount structures are
as follows: the central part of the structure, including smoother and steeper western and
northern flanks, is about 47 Ma. Less regular, gentler eastern and southern flanks with
numerous small uplifts and depressions are about 23 Ma. Such a significant difference
indicates at least a two-stage volcanic development within the studied seamount.

In Figure 9, which shows the distribution of the magnetization modulus within and
under the volume of seamount, we noticed a thick central body extending from SW to NE
(the isosurface is given for magnetization values I = 3 A/m), which is located directly below
the oval top of the seamount. The ratio of the horizontal axes of this body is close to 2.5, and
the strike azimuth completely coincides with the morphological trends of the seamount.

According to the complex of the studied seamount’s geological and geophysical
parameters and the results of their interpretation, it becomes obvious that the most adequate
explanation of the observed phenomena is the process of volcanism development along
the NE strike-slip fault. This volcanism, which originated on the NE strike-slip fault and
began 47 Ma ago, led to the growth of almost 3.5 km (considering the thickness of the
modern sedimentary cover—up to 2 km [52]) of a conical structure, which we observe as
the central part of the seamount. As the paleo-volcan grew, the center of the effusion shifted
along the fault to the NE, and then volcanism ceased after a short time. The short duration
of this phase of volcanism follows from the fact that the studied seamount has a direct
polarity magnetization, and in the middle Eocene, chrons of direct magnetic polarity are
less prolonged than those of reversed polarity. The most likely straight magnetic polarity
chron, during which our object was formed, is 21n, which began 48.88 and ended 47.76 Ma
ago [53]. Intense volcanism resulted in the formation of a regularly shaped seamount
extending in the NE direction and up to 3.5 km high.
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Figure 8. Results of solving the inverse problem − finding the inhomogeneous magnetization in the
volume of the seamount: (a) the initial AMF directly over the seamount, nT; (b) the division of the
relief into two main blocks (white dashed and black bold lines), for which the average magnetization
directions were previously determined and fixed as constraints; (c) the model field from the picked
magnetization distribution, nT; (d) solution of the direct problem with the selected magnetization
distribution, provided that its direction and the direction of the external field are vertical (reduction
to the pole), nT; (e) age of the seamount fragments, determined by recalculating the found dip
angles into the paleolatitude and age using paleo reconstructions, Ma; and (f) lateral distribution of
magnetization, A/m.
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Figure 9. Solution of the inverse problem - finding the inhomogeneous magnetization in the volume
of the seamount: (a) magnetization, A/m. The isosurface corresponds to 3 A/m. (b) The isosurface,
bottom view from the NE. (c) The isosurface, bottom view from the SW.

Volcanism at the study area resumed about 23 million years ago. The center was confined
to the NE summit, but for a number of reasons (a topic beyond the scope of this article), the
main effusion occurred in the eastern and SE segments of the structure, and precisely on the
seamount slopes, not on its summit. As a result, a characteristic morphology of the structure
and a peculiar magnetic structure of the anomaly sources were formed.

3. Discussion

Seamounts are widespread in the Eastern Indian Ocean [2–7]. Many seamounts are
located on the Ninetyeast Ridge [19–21]. However, their age and origin are still largely
undetermined, as no samples of their bedrock were recovered. The prominent seamount
at the base of the NER in its ancient northern segment was investigated by an integrated
multidisciplinary detailed geophysical survey in cruise #42 of R/V Akademik Boris Petrov.
The detailed maps of the topography from the collected multibeam data and the anomalous
magnetic field of the surveyed area were constructed the first time. As a result of the
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bathymetric survey, the morphology of the seamount was significantly clarified. It was
found that the bottom relief here has several clear morphological trends of SW-NE, SE-NW,
and SSW-NNE strike, which most likely mark the faults. The results obtained are consistent
with existing ideas about the tectonics of the northern segment of the NER and add new
details to them. Furthermore, the results allow us to make assumptions about the role
of the tectonic factor in the formation of the seamount and the possible timing of the
volcanism that formed it. The assumption of two stages of fault-related magmatic activity
is fundamentally new.

The formation of the main massif of the studied seamount appears to be related to
magmatism along the SW-NE strike-slip fault. Two small ridges on the mountain vault
are probably associated with the manifestations of magmatic activity along the SSW-NNE
strike-slip faults. The strike of the distinguished faults does not coincide with the N-S
(transform fracture zones) and E-W (faults in the paleo spreading center) strike of spreading
fault structures in the Eastern Indian Ocean [8,9], i.e., they have a different nature and
formation time (apparently, more recent). Based on the geomorphological analysis of rare
echosounding profiles, some influence of fault tectonics on the formation of the modern
bottom topography of the northern segment of the NER [21], located immediately north
of the polygon, was previously admitted. The volcanic nature of the ridge itself and its
formation as a result of a massive outpouring of basalts in shallow/subaerial conditions
is confidently supported by the results of petrological, lithological, and biostratigraphic
studies of deep-water drilling cores [14,15,54]. However, this does not exclude a younger
subsequent stage of volcanism, which could partly be controlled by fault tectonics.

The flat summit surfaces of the seamounts on the NER vault for the section located
immediately north of the polygon are explained by possible erosion activity in subaerial
conditions [18]. The elevated summit of the seamount we investigated cannot be related to
such a factor. It lies much deeper than it could if submerged after formation from the ocean
surface, both according to the theoretical and actual graphs of aseismic ridge submergence,
including the NER [54]. Apparently, its morphology with a relatively elevated top is caused
by endogenous factors related to the peculiarities of the NER volcanism, and probably, by
alignment as a result of pelagic sedimentation and subsequent redistribution of sediments
by local exogenous factors.

In the northeastern part of the Indian Ocean, traces of volcanic activity of the Indone-
sian island arc are widespread in the quaternary sediments. The products of volcanic
activity (ash, tephra, and lapilli) in the form of 5–40 cm-thick interlayers were found in
many deep-water sites [14,15]. Using tephrochronology, geochemical, and mineralogical
analyses, it was established that the ash layers in the upper part of the core section of Site
758 are the result of four stages of the eruption of the Toba volcano on Sumatra Island [55].
Its last eruption (75,000 BP), when volcanic ash covered an area of ~4 million km2 all the
way to the east coast of Africa, was one of the largest in the last 25 million years. An
analysis of our seismic data, performed with stratigraphic reference of deep-water drilling
data, revealed that the three main reflectors A, B, and C (Figure 4) are possibly associated
with the presence of ash interlayers. Their wide distribution within the study area may be
associated with the eruptions of the Toba volcano on Sumatra Island.

Furthermore, the seismic data obtained significantly complements the ideas about high
neotectonic, up to modern, activity in the northern part of the Ninetyeast Ridge. They
confirmed the existence of faults in the uppermost part of the sedimentary cover up to the
bottom surface, with which, as suggested by [20,21] high regional intraplate seismicity, they
may be associated. Further evidence of modern tectonic activity may be the discovery of a
sedimentary body with a chaotic internal structure, which appears to be of a landslide nature.

The small low depression is in the seafloor in the central part of profile 6 (Figure 4).
Reflectors A, B, and C bend the immediate in its vicinity and then they abruptly break off,
apparently on a fault scarp. Existence of a disturbed zone with a chaotic acoustic structure
and no correlation between reflectors B and C is related apparently to tectonic deformation.
However, an increased thickness of sediments above reflector A may indicate some activity
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of any small gravity flow that created a low channel. There is some alternative to its genesis
(paleochannel or fault zone) due to the scarce penetration.

The magnetic survey over the seamount registered an intense magnetic anomaly,
which is much larger in area than the base of the seamount. It was established that the main
source of this anomaly is a deep linear geological object of SW-NE strike, located under the
basalt layer of the oceanic crust. Apparently, the deep roots of the seamount are associated
with the manifestation of magmatic activity in the zone of one of the faults of such a strike,
previously identified in the northern segment of the NER by morphological features [20,21].
It is necessary to explain why the two identified positive local magnetic anomalies in the
polygon are slightly offset relative to the ridges in the bottom topography at the top of
the seamount. Apparently, the ascending magma flow had a lateral horizontal deflection
from the deep source, which creates these anomalies, and magma migrated upward along
the already existing weakened fracture zones in the ridge body, which was potentially
somewhat distanced from it. A similar setting was previously observed in the formation
of relatively young volcanoes to the south on the NER vault during horizontal magma
flow [19].

The results of the interactive selection of the equivalent source of magnetic anomalies
clarified our preliminary assumptions, which were made on the basis of the geomorpholog-
ical analysis, about the two-stage formation of the seamount. The obtained values suggest
different paleolatitudes of the formation of the isolated segments of the seamount in the
two-stage cycle of its formation. According to our calculations of the paleolatitude and
age according to the magnetization vector of the seamount, its southwestern part was
formed at the first stage approximately 47 million years ago, and later the northeastern
part approximately 23 million years ago. At the same time, apparently, two small volcanic
structures on its top were also formed. Initially, in our opinion, after the formation of the
main volcanic massif of the ridge here in the next phase of secondary outpourings, the more
ancient western part of the seamount was formed. Then, during the subsequent phase of
magmatic activity, it expanded in the eastern direction. At the same time, the source of
magmas, judging by the close values of the estimates of the residual magnetization value,
remained the same. As a result, a linear (aspect ratio ~3:1) single object of the northeastern
strike apparently formed by magmatism in the zone of one of the faults of the same strike,
and was previously identified by different researchers in the northern segment of the NER
from the analysis of its morphology [13,20,21].

The explored seamount at 0.5◦N lies on the boundary of two segments of the NER that
differ sharply in their depth structure. The segment to the south of 0.5◦ N is characterized
by a low effective elastic lithospheric thickness (Te) 0–5 km, whereas the segment to the
north is much higher in thickness 10–20 km [16,56]. The formation of this boundary is
associated with the second phase of spreading in the multistage late Cretaceous–Cenozoic
evolution of the Eastern Indian Ocean and the first major reorganization of plate kinematics
about 53 Ma ago during the first soft continental collision of the Indian continent with
the island arc of the South Asian subduction zone [8]. The interaction of the Kerguelen
mantle plume with the paleospreading ridge potentially created a thermal anomaly that
disrupted the oceanic lithosphere and excessive magmatism [12,13]. The timing of the first
phase of the formation of the seamount we studied, 47 Ma, closely follows this dramatic
event. The third phase of spreading began in the Middle Eocene ~42 Ma, when the second
major reorganization of the plates in the Eastern Indian Ocean occurred due to the hard
collision of the Indian Plate with the Eurasian Plate - the continental collision of Hindustan
with Asia [8], which continues to the present day. The second stage in the formation of
the seamount we studied, 23 Ma, seemed to be related to the reorganization of the fault
when the stress created by the collision in the northward drifting Indian lithospheric plate
reached critical values.

The mechanism of the formation of the studied seamount may be identical to the pre-
viously proposed underplating mechanism. It explained the nature of two relatively young
volcanoes to the south on the vault of the central segment of the NER near 17◦ S, which
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formed 6 Ma later than the main structural phase of the ridge [19]. The aforementioned
authors associated the latter phase of volcanism with the relaxation of tensile stresses in
the attenuated NE-SW strike-slip lineaments and magma uplift along the small pool apart
structures that formed. These stresses could create a regional tectonic and/or heat source
beneath the ridge due to an anomalous hot spot regime. They believed that the weakened
NE-SW and NW-SE strike-slanted lineaments, obliquely oriented relative to the main re-
gional meridional tectonic structures, were potentially formed by left-lateral strike-slip
faults along a giant 90◦ E fracture zone [21]. The tectonic faults identified by the polygon
survey are in good agreement with these directions. A similar two-stage volcanism in
this region was also established for the neighboring large intraplate Afanasy Nikitin uplift
based on the determination of the absolute age of the dredged basalts there [56]. Initially,
the main plateau was formed about 80–73 Ma ago. Then, 6–13 Ma later, a 1200 m-high
seamount of the same name was formed on the plateau as a result of magma outpouring
from the chamber below the uplift, which drifted together with the lithospheric plate. All
of the above is consistent with our assumption of two stages of formation of the studied
seamount at the base of the western slope of the NER as a result of magmatic activity
apparently associated with faults.

4. Conclusions

(1) The studied seamount appears to consist of two different-age fragments formed about
47 Ma and 23 Ma, respectively, 31 and 55 Ma after the main Ninetyeast Ridge massif.
In the first stage, the main western part of the seamount was formed. Then, during
the exploratory phase of magmatic activity, the volcanic structure expanded eastward;

(2) The explored seamount located at latitude 0.5◦ N and the volcano of the late Miocene
age located to the south at latitude 10◦ S [16] are in the zone of one of the giant
meridional faults that define the NER fault structure [8]. It is likely that the mechanism
of formation of these two volcanic structures is somewhat the same, although the
timing of formation differs significantly. As for the two volcanoes on the NER dome
near 17◦ S [19], these appeared to be related to the underplating magmatism of the
reactivation of this fault when the critical intraplate compression during continental
collision was reached;

(3) The morphology of the studied seamount suggests that it was formed as a result of
magma outpourings in the SW-NE strike-slip fault after the formation of the main
NER massif in the zone of a giant meridional fault [24]. Presumably, these SW-NE
strike-slip faults are second-order structures that apparently formed in the zone of
the ancient meridional transform fault [12]. The process was complicated by the
fact that shear deformations occurred along the fault during the relaxation of excess
regional compression stress with a NW-SE vector in the body of the Indo-Australian
lithospheric plate due to continental collision at its northern boundary. These shifts
potentially created the local tensile fault zones necessary for this, along which the rise
of magmatic material took place;

(4) The results of comprehensive studies performed in cruise #42 of the R/V Akademik
Boris Petrov suggest rather long cyclic magmatic activity in the northern segment of
the NER after 47 Ma already after the formation of its main massif at about 80 Ma.

In conclusion, we note, as well as other researchers [19,56], that the question of
secondary magmatism, or its last stage in the Ninetyeast Ridge, remains open to discussion,
as dredges of seamounts within it are needed to obtain a more definitive answer.
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Abstract: Understanding the dynamics of deep-sea hydrothermal plumes and the depositional
pattern of hydrothermal particles is essential for tracking the submarine hydrothermal venting site,
prospecting polymetallic sulfide resources, as well as deciphering biogeochemistry cycling of marine
elements. In this paper, a numerical model of the deep-sea hydrothermal plume is established
based on the topography and long-term current monitoring data of the Wocan-1 hydrothermal
field (WHF-1), Carlsberg Ridge, Northwest Indian Ocean. The model allows for a reconstruction
of the hydrothermal plume in terms of its structure, velocity field, and temperature field. The
relationships between the maximum height of the rising plume and the background current velocity,
and between the height of the neutral-buoyancy layer and the background current velocity are
established, respectively. The transport patterns of the hydrothermal particles and their controlling
factors are revealed. Using hydrothermal particles with a density of ~5000 kg/m3 (i.e., pyrite grains)
as an example, it is found that pyrite larger than 1 mm can only be found near the venting site.
Those in the size 0.3–0.5 mm can only be found within 137–240 m from the venting site, while those
smaller than 0.2 mm can be transported over long distances of more than 1 km. Using the vertical
temperature profiling data of WHF-1 obtained during the Jiaolong submersible diving cruise in March
2017, we reconstruct the past current velocity of 10 cm/s, similar to the current data retrieved from
the observational mooring system. Our model and the findings contribute to a better understanding
of the hydrothermal system of WHF-1, and provide useful information for tracing the hydrothermal
vents, prospecting the submarine polymetallic sulfide resources, designing the long-term observation
networks, and relevant studies on element cycling and energy budget.

Keywords: deep-sea hydrothermal plumes; numerical simulation; plume rise height; particle trans-
port; Indian Ocean

1. Introduction

Since the first discovery of submarine hydrothermal vents along the East Pacific
Galapagos Rift in 1977 [1], more than 700 hundred active hydrothermal fields have been
discovered in the world’s oceans [2]. Hydrothermal systems play a significant role in the
cycling of energy and mass between the solid earth and the oceans [3–5]. Hydrothermal
plumes form when high-temperature vent fluids are expelled into the cold and stratified
oceanic water column, which represents a significant dispersal mechanism for chemicals
and heat released from the seafloor to the oceans [6]. Metallic sulfide particles form when
this hot metal- and H2S-rich, and highly reduced vent fluid mixes with cold, partially
oxygenated ocean bottom water [7]. Detection of hydrothermal anomalies in the water
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column has been widely used to discover hydrothermal fields and associated polymetallic
sulfide deposits [8–12].

Compared with on-site investigation and observations, the numerical simulation
method, which can realize the quantitative description of the structure of a hydrothermal
plume after the model of the hydrothermal plume flow field is established, has the unique
advantage of cost-effectiveness and easy use. Morton et al. [13] first proposed the MTT
analytical model to describe the transport and mixing process of buoyant plumes and
presented an empirical formula for estimating the maximum rising height of plumes
through buoyancy flux and buoyancy frequency. Lavelle et al. [14] were the first to use
numerical models to study the transverse variation of plumes generated by line-source
hydrothermal vents and the distribution of temperature and salinity anomalies, discovering
backflow and vortex structures between the plume cap zone and the plume stem zone. Tao
et al. [15] established a three-dimensional unsteady numerical model to study the evolution
of plumes and found a correlation between the rising height of plumes and the transverse
velocity, suggesting that the ratio of the neutral-buoyancy layer height to the maximum
rising height of hydrothermal plumes can be used to estimate the heat flux of hydrothermal
plumes. Lou et al. [16] took into consideration the interaction between two vent plumes and
concluded that the maximum values of turbulent kinetic energy and turbulent dissipation
rate decrease with the increase of the distance between the two vents and proposed an
empirical formula for the maximum rising height of double-vent plumes.

The numerical simulation has been applied in the study of submarine hydrothermal
plumes. For instance, Jiang et al. [17] conducted a numerical simulation of plumes in the
ABE hydrothermal field located in the Eastern Lau Spreading Center of the West Pacific.
They found that the maximum values of turbulent kinetic energy and turbulent dissipation
rate reach their maximum near the vent, while the maximum value of turbulent viscosity is
near the plume top, which indicates the presence of strong turbulent mixing that affects
chemical reactions and transport processes. Adams et al. [18] studied the turbulent mixing
characteristics of high-temperature hydrothermal vent plumes and estimated the heat
flux of the Dante sulfide mound on the Juan de Fuca Ridge in the northwest Pacific. Lou
et al. [19,20] studied the transport and sedimentation characteristics of particles driven by
hydrothermal vent plumes in the Daxi hydrothermal field in the northwest Indian Ocean
and classified particles of different sizes and densities.

However, the existing numerical models were often established under ideal environ-
mental conditions. In reality, a hydrothermal field usually has several to dozens of black
smokers with complex terrain [21]. Ocean currents also change temporally in terms of
speed and direction. Therefore, it is important to consider the interference of multiple
hydrothermal vents and the variability of ocean currents while developing the numerical
models for submarine hydrothermal plumes.

The Wocan-1 hydrothermal field (WHF-1) (6◦22′ N, 60◦31′ E), discovered in 2013 by
the Chinese DY28th cruise, is located on an axial volcanic ridge along the Carlsberg Ridge,
at a water depth of ~3000 m [22,23]. It covers an area of about 450 m × 400 m (Figure 1) [22],
consisting of a high-temperature “Flaming Hill” area and a medium-temperature “Mul-
berry Forest” area [24]. In the high-temperature Flaming Hill area, approximately 60 black
smokers were observed, with the measured temperatures of venting fluid reaching up to
359 ◦C [22,25]. The Mulberry Forest area is located ~70 m to the northwest of the Flaming
Hill area [25]. Four black smoker clusters were observed there, with the temperature rang-
ing from 250 to 290 ◦C, according to the spherite geothermometer [22]. The hydrothermal
plumes of the Wocan-1 are mainly observed at a water depth of 2750–2880 m. Figure 2
shows the section where “Flaming Hill” area and “Mulberry Forest” area are located.
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Figure 1. (a) Bathymetric map of the study area showing the locations of the Wocan-1 and Wocan-2
hydrothermal fields and the mooring stations for ocean current observation (ST01 and ST02); (b) Ge-
ological map of the Wocan-1 hydrothermal field, showing the locations of black smokers, adapted
from Ref. [22] with permission from Elsevier B.V., 2021.

Figure 2. Variation of water depths along the section AA’ crossing WHF-1 as shown in Figure 1.

In this paper, we use a numerical simulation method to construct a three-dimensional
model of the hydrothermal plume from WHF-1, with the aim of understanding the dynam-
ics of the hydrothermal plume, the transport law of hydrothermal sulfide particulates, and
its controlling factors. The model is built based on the topography of WHF-1, the occurrence
and features of black smokers, as well as the measured variability of ocean current velocity.
Our results provide theoretical guidance and a scientific basis for the interpretation of
hydrothermal anomalies detected in the water column and in the sediments, which could
provide important clues on the discovery of unknown active hydrothermal vents.

2. Methods

2.1. Numerical Simulation Method and Model

We built a three-dimensional numerical model based on the actual topography of
the WHF-1. In order to enhance calculation accuracy and simulation precision, the fluid
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domain volume method (VOF) and the separated flow model are employed. The Real-
izable K-epsilon two-layer turbulence model is adopted as the turbulence model [26,27].
Additionally, the Lagrange multiphase and multiphase interaction are integrated into the
model to account for the transport of particles in the plume [28].

A section AA’ crossing the active venting sites of WHF-1 was selected as the geo-
metric model for simulation (Figure 1b). According to the topography of section AA’, it
is simplified into a mound with a height of 50 m and a radius of 220 m at the base. To
balance computational efficiency and accuracy, the two black smoker clusters found along
the section, i.e., the Flaming Hill area and the Mulberry Forest area, are treated as one
composite venting site, respectively. The length of the model is set to 2000 m and its height
and width are set to 400 m and 200 m, respectively, according to the actual size of WHF-1
and the height of the hydrothermal plume detected in this area. The model is divided via a
mesher with a basic size of 1 m. The grid size in the vent area is refined to 0.05 m while
that in the rising area of the vent to 0.2 m. Figure 3 illustrates the specific refinement of the
whole computational domain grid and the vent area grid. The overall model comprises
7,863,395 squares, including 23,581,668 planes and 8,685,514 points.

Figure 3. Section of grid model of the Wocan-1 hydrothermal field. (a) whole computational domain;
(b) details of (a) showing the part of the mound with the black smokers.

2.2. Parameter Settings of the Numerical Model

The parameters of the numerical model were set based on the measured data of the
WHF-1 collected during our various cruises (Tables 1 and 2). Specifically, the data of the
background temperature field and density field required by the model were obtained dur-
ing the Chinese DY57th cruise. According to the CTD profiling, the temperature measured
in the water depth of 3000 m was 1.535 ◦C and 1.907 ◦C in the water depth of 2600 m,
with a temperature gradient of 0.0093 ◦C/m and a density gradient of 0.00463 kg/m. The
occurrence and features of black smokers were obtained based on geological mapping
conducted by the Jiaolong submersible during the Chinese DY38th cruise [22]. The temper-
ature of the vent fluids in the Flaming Hill area was 359 ◦C according to the measurement,
while that in the Mulberry Forest area was 250 ◦C according to the mineralogy of the
sulfide chimney [25]. The vent flow rates were calculated through image simulation based
on captured images of video [29], which were determined to be 20 cm/s and 15 cm/s
for the Flaming Hill area and Mulberry Forest area, respectively. The background ocean
current data were obtained from the long-term observation of a mooring system deployed
at 1000 m south to the WHF-1 (station 49V-ST01) (Figure 1a) [30], the main direction of the
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background current being northwest-southeast, which is consistent with the trend of the
selected section AA’. The range of current velocity varied from 0.07 to 23 cm/s, dominated
by 2 to 10 cm/s, with an average of 6.7 cm/s. Accordingly, four sets of background current
velocities: 0 (no background current), 2 cm/s (minimum), 6 cm/s (average), and 10 cm/s
(maximum) were used for the comparison study.

Table 1. Basic parameters and boundary conditions of the model used in this study.

Type Parameter Setting

computational domain
length 2000 m
width 200 m
height 400 m

background

temperature gradient 0.0093 ◦C/m
density gradient 0.00463 kg/m4

background current direction NW-SE
background current velocity 2~10 cm/s

boundary condition

bottom wall
top pressure outlet
side symmetry plane
vent velocity inlet

Table 2. Parameters of hydrothermal vents used in the model based on the observation and measure-
ment of black smokers in the Wocan-1 hydrothermal field.

Venting Area Texit/
◦C Tbottom/◦C Ttop/◦C R/m v/(cm·s−1)

Flaming Hill 360 1.535 1.907 0.4 20
Mulberry Forest 250 1.535 1.907 0.1 15

Texit represents the temperature of hydrothermal fluid, Tbottom represents the temperature of background seawater
at the bottom, Ttop represents the temperature of background seawater at the top, R represents the equivalent
radius of the venting orifice, v represents the velocity of venting fluid flow.

3. Results

3.1. Plume Structure

As illustrated in Figure 4a, in the absence of a background current, the plume rises
and expands to form a cone-shaped plume stem, reaching a maximum height of 315.1 m
before forming a plume cap and eventually being transported horizontally. The height of
the neutral-buoyancy layer reaches 255 m, which is 80.9% of the former and close to the
theoretical value of 76.1%, based on the MTT integral model [12]. When a background
current velocity of 2 cm/s is introduced (Figure 4b), the overall structure of the plume is
clearly shown and the maximum rise height is 312.9 m. However, there is a presence of
background current that results in a slight bending (3◦) of the plume axis. If the background
current velocity increases to 6 cm/s (Figure 4c), the plume structure is still discernible,
but the enhanced current causes more significant bending, with the central axis of the
plume bending by 12◦ and the maximum rise height of the plume reduced considerably to
287.0 m. When the background current velocity is increased to 10 cm/s (Figure 4d), the
plume is characterized by turbulent mixing with no distinct rebound current feature at the
top. The buoyancy plume structure is disrupted and the maximum rise height is reduced
to 134.6 m, which is less than half of the height observed under no current conditions.
Overall, increasing the background current velocity would cause the plume structure to
bend more, which facilitates the diffusion and mixing of the plume with the ambient water
and enhances its horizontal transport capacity.
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Figure 4. Simulation results showing the three-dimensional structure of the plume. (a) no background
current; (b) background current velocity is 2 cm/s; (c) background current velocity is 6 cm/s;
(d) background current velocity is 10 cm/s.

3.2. Velocity Field of Hydrothermal Plumes

Figure 5 shows the steady-state velocity field of the plume obtained from the numer-
ical model. In the condition of no background current, the rising part of the plume can
be divided into three intervals. In the interval of 50–180 m, the plume velocity field is
cone-shaped, with the velocity ranging from 1 m/s to 1.62 m/s. The maximum velocity
occurs at a height of 70 m. In this interval, the plume and the ambient water undergo
continuous entrainment, with similar velocities observed at different heights. In the inter-
val of 180–300 m, the plume velocity field is columnar shaped, with the velocity ranging
from 0.33 m/s to 1 m/s. It shows a decreasing trend from the inner part to the outer
part. A vortex structure can also be observed between the rising part of the plume and
the buoyancy layer. In the interval from the upper part of the plume to the maximum rise
height, the buoyancy plume rises and then falls back, and the velocity decreases to zero at
the top, coiling and sucking toward the inside of the plume at the boundary and forming
a neutral-buoyancy layer with a thickness of 30 m at 60 m away from the center of the
plume and eventually diffusing horizontally near the neutral-buoyancy layer. With the
background ocean current increasing from 2 cm/s to 6 cm/s, the plume deformed with
lower rising height but the plume structure is still clear. When the ocean current increases
to 10 cm/s, the plume is well mixed with the ambient water that the structure of the plume
is hardly seen.

3.3. Temperature Field of Hydrothermal Plumes

Figure 6 shows that in the absence of background current, the temperature at the
centerline of the plume drops from 360 ◦C at the orifice to 219 ◦C at 0.5 m above the
orifice, 11.4 ◦C at 20 m, and 2 ◦C at 86 m, respectively. When the background current
velocities increase to 2 cm/s (Figure 6b), 6 cm/s (Figure 6c), and 10 cm/s (Figure 6d),
respectively, the corresponding temperature at the axis of the plume (using the curved
centerline as the axis) decreases to 2 ◦C at 89.4 m, 18.1 m, and 10.3 m above the orifice of
black smokers, respectively.
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Figure 5. Simulation results show the structure of the velocity field of a stable hydrothermal plume.
The dotted lines mark the heights of the maximum rising layers and the neutral-buoyancy layers,
respectively. (a) no background current; (b) background current velocity is 2 cm/s; (c) background
current velocity is 6 cm/s; (d) background current velocity is 10 cm/s.

 
Figure 6. Simulation results showing the temperature field of the plume (a) no background current;
(b) background current velocity is 2 cm/s; (c) background current velocity is 6 cm/s; (d) background
current velocity is 10 cm/s.
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4. Discussion

4.1. Relationship between Plume Height and Background Current Velocity

The structure of hydrothermal plumes is mainly affected by the physical properties
and velocities of the background ocean current and the fluid ejected from the hydrothermal
vents. For a certain hydrothermal field on the seafloor of an open ocean, ocean current
velocity is a major variant compared to the other variants such as temperature, salinity and
density of the background seawater. Understanding the relationship between the height of
a rising plume and the background current velocity is not only important for the design
of instrumentation for hydrothermal plume survey in order to detect the hydrothermal
anomalies successfully, but also important for the prediction of unknown hydrothermal
venting site. Using our numerical model, we extracted the data of the maximum height of
the plume and the height of the neutral-buoyancy layer under various background ocean
current velocities. Here, the maximum height of the plume is defined as the height at which
the vertical velocity of the plume axis is zero, and the height of the neutral-buoyancy layer
is the layer where the density of the plume axis first equals that of the environment. Two
empirical formulas are obtained via Polynomial Fitting of the results and illustrated in
Figure 7:

Zmax = 315.1 − 1.252v + 0.4v2 − 0.162v3, (1)

Zneutral = 255 − 0.016v + 0.245v2 − 0.112v3 (2)

where Zmax represents the maximum height of a plume, and v is the background current velocity.

Figure 7. The maximum height of hydrothermal (Zmax) and the height of the neutral-bouncy layer
(Zneutral) under various background current velocities.

Figure 7 shows clearly that with the increase of background current velocity, both the
maximum height and the height of the neutral-buoyancy layer of the plume decrease to
some extent. However, the overall influence of background current velocity on the height
of the neutral-buoyancy layer is smaller than that of the maximum height of the plume,
especially when the background current velocity is <6 cm/s. This suggests that the height
of the neutral-buoyancy layer is more insensitive to the variation of background ocean
current intensity compared to the maximum height of the plume.
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4.2. Reconstruction of Background Current Velocity

The temperature anomaly of the hydrothermal plumes is mainly controlled by the
extent of mixing of the hydrothermal fluid with the ambient seawater [31]. The temperature
gradients between the hydrothermal plume and the ambient seawater decrease dramat-
ically with increasing distance to the venting site. The reported temperature anomalies
of hydrothermal plumes detected mostly vary between 0.005 ◦C and 0.05 ◦C, and those
near the vent area can reach 0.4 ◦C or higher. Using the temperature anomaly data, it
is possible to infer the current velocity of the region by numerical simulation in case no
current observation data is available. Here, we use CTD data (38I-CR-CTD-JL125) obtained
by the Jiaolong submersible within the Wocan-1 hydrothermal field to conduct an inversion
study of the background current velocity and test the robustness of our model. A significant
temperature anomaly was observed in the water depth between 2930–2960 m about 20 m
from the high-temperature black smoker in Flaming Hill, with the maximum temperature
anomaly of 1.65 ◦C at the water depth of 2945 m. Figure 8 compares the measured temper-
ature profile on site and the temperature profiles extracted from our numerical model at
the same location under different ocean current velocities. It is clear that in the absence
of a background current, no significant temperature anomaly can be observed. With the
increasing background ocean current, the temperature anomaly becomes stronger, the
neutral-buoyant layer becomes thinner and lower. Specifically, when the background cur-
rent is 2 cm/s, a temperature anomaly is observed in the water depth of 2750–2880 m, with
the maximum temperature anomaly of 0.15 ◦C at 2850 m. When the background current
velocity increases to 6 cm/s, a stronger temperature anomaly can be observed in the water
depth between 2850–2930 m, with the maximum temperature anomaly of 0.46 ◦C at 2907 m.
When the ocean current is 10 cm/s, a strong temperature anomaly is seen in the water depth
between 2938–2943 m, with a maximum of 1.36 ◦C at 2940 m. This case fits the CTD profile
very well. The mooring system deployed at 300 m south to the WHF-1 (station 49V-ST02)
registered the ocean current velocities vary from 0–24 cm/s, dominated by 3.5–11 cm/s,
with a mean value of about 9 cm/s, indicating that the reconstructed background current
velocity agrees well with the on-site observation. This also suggests that our numerical
model is robust. Note, there is some offset with depth between our observed data and the
computational outcome, this could be originated from the different environment between
the location of CTD measurements and the location of the temperature field extracted from
the 3D numerical model.

 

Figure 8. The temperature anomaly obtained by CTD measurement during the DY57 cruise and the
modeling results under various background current velocities (a) no background current; (b) back-
ground current velocity is 2 cm/s; (c) background current velocity is 6 cm/s; (d) background current
velocity is 10 cm/s.
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4.3. Transport Pattern of Plume Particles and the Controlling Factors

When the high-temperature metal- and H2S-rich hydrothermal fluid is ejected from
the black smoker, the rapid changes in temperature and redox conditions result in the
formation of sulfide mineral particles in the plume. The settling of hydrothermal particles
laden in the hydrothermal plumes would accumulate to form metalliferous sediments in the
near field [32], which can be used as a good indicator for the prospecting and exploration
of hydrothermal sulfide deposits [33]. Numerical simulation has the advantage to conduct
quantitative analysis of the depositional patterns of hydrothermal particles with different
physical properties. The background current velocity is set to 10 cm/s according to the
dominant frequency of the current velocity in the study area. Considering the morphology,
mineralogy, and geochemical characteristics of WHF-1 [34,35], and the fact that pyrite is
the most common hydrothermal sulfide mineral [36], we investigate the transport behavior
of pyrite particles of various sizes in the plume. The density of pyrite particles is set to
5000 kg/m3, and the sizes of pyrite particles are set at 50 μm, 200 μm, 300 μm, 400 μm,
500 μm, and 1000 μm, respectively, based on the results of field surveys.

Figure 9 shows the transport trajectories of pyrite particles in the plume field. Pyrite
particles with a size smaller than 200 μm are strongly influenced by the background current
and can be transported at a height of 160 m over a distance of more than 1 km. Particle sizes
ranging from 300 to 500 μm can rise to 124–161 m but only can migrate a short distance not
farther than 240 m. Specifically, a 300 μm size particle can be transported as far as 240 m, a
400 μm particle can be transported to 198 m, and a 500 μm particle can be transported to
137 m. Particles >1000 μm cannot rise and be transported by the plume.

Figure 9. The modeling results showing the transportation behavior of pyrite in different sizes
laden in the hydrothermal plume in the Wocan-1 Hydrothermal Field under the background current
velocity of 10 cm/s. D = diameter of the hydrothermal particle.

Lou et al. [19] did the numerical modeling for the hydrothermal plume of the Daxi
hydrothermal field (~62 km northwest to WHF-1) and investigated the depositional pattern
of ferrous disulfide particles (density of 5020 kg/m3). The difference between the two
studies is that the temperature of the black smoker of Daxi is 300 and WHF-1 is 360.
In addition, this study also considers the potential interference of topography on the
background current and particle deposition. They found that under a background current
of 2 cm/s, particles with a size of 50 μm can participate in long-distance transport. Particles
with a size of 100 μm will deposit within 760.41 m from the vent, and particles with a size
larger than 200 μm cannot be transported. If the background current increase to 5 cm/s,
particles with a size of 100 μm can be transported farther to 826.45 m, the particles with
a size of 200 μm can be transported as far as 584.40 m from the vent, while the particles
with a size larger than 500 μm cannot be transported but suspended above the vent and
eventually settled near the venting site.

The deposition of particles under different environmental conditions exhibits distinct
patterns: (1) The transportation distance of hydrothermal particles such as pyrite decreases
with the increase of particle size under a certain background current velocity. The increase of
background current velocity facilitates the particle to transport a longer distance; (2) Under
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the conditions of this study, i.e., hotter temperature and stronger background current than
the study of Lou et al. [19], a wider range of particle sizes can participate in medium- to
long-distance transport. Particles within 200 μm are more likely to be transported over
a long distance of 1 km, and particles with a size of 500 μm can also be transported and
deposited to a region more than 100 m from the vent; (3) The topography of the mound in
our model produces stronger turbulent mixing near the bottom, which affects the transport
capacity of particles as well, especially for the particles larger than 300 μm. In this regard,
Walker et al. [37] also observed that particles along the slope are more active and continuous
in the real environment.

5. Conclusions

1. In this study, we build a three-dimensional numerical model of a submarine hydrother-
mal plume using the field observation data collected in the Wocan-1 Hydrothermal
field. The results lead to the following conclusions: The structure of the plume consists
of a cone-shaped rising zone, columnar-shaped rising zone, and neutral-buoyancy
layer. Background ocean current alters the structure of the plume, causing its bending
and increasing of diffusion capacity. The bending angle of the plume axis is positively
correlated with the background current velocity. The plume structure would damage
when the current velocity would be larger than 10 cm/s.

2. An increase in background current velocity significantly reduces the maximum rise
height and a neutral-buoyancy layer height of the plume. Two empirical formulas are
established to describe the Wocan-1 hydrothermal plume: the maximum rise height
Zmax = 315.1 – 1.252v + 0.4v2 – 0.162v3, and the neutral-buoyancy layer height Zneutral
= 255 – 0.016v + 0.245v2 – 0.112v3.

3. Using the temperature anomaly profile obtained by on-site CTD measurement near
the flaming hill of WHF-1, by fitting the temperature profile extracted from our
numerical model, the background current velocity of 10 cm/s is reconstructed, which
is within the dominant range of ocean current velocities registered by the long-term
observational mooring system deployed near the WHF-1. This also attests to the
robustness of our model.

4. Under the background current velocity of 10 cm/s, the pyrite grains smaller than 2 mm
can be transported over 1 km by the high-temperature black smokers from the flaming
hill of WHF-1, those between 3 mm and 5 mm would deposit within 137–240 m from
the venting site, while particles larger than 10 mm cannot be transported with the
plume and deposit near the venting site.

Overall, this study complements the existing numerical models of hydrothermal
plumes by considering the influence of strong background current and complex topography.
The 3D structure of the hydrothermal plumes and the depositional patterns of pyrite
obtained in this study provide an important basis for relevant studies on the sediments
from the near field and far field of the Wocan-1 hydrothermal field. Besides, our model
demonstrates the application potential for data interpretation during hydrothermal plume
searching and hydrothermal sulfide resource prospecting elsewhere.
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Abstract: This study presents a thorough analysis of the sedimentology, diagenesis, and sequence
stratigraphy of the Middle Jurassic Samana Suk Formation in the Hazara Basin of northern Pakistan.
Focusing on two sections, namely Mera Rehmat and Por Miana, the research aims to unravel the
complex geological processes within the formation. The examination of microfacies reveals nine
distinct depositional textures, ranging from mudstone to wackestone, packstone, and grainstone,
indicating various inner ramp environments such as open marine, lagoon, and coastal settings.
Petrographic investigations shed light on diagenetic processes, including micritization, cementation,
dissolution, compaction, neomorphism, and dolomitization. Six cementation types are identified,
and the dolomitization patterns vary, providing insights into lagoonal environments and mudstone
replacement. Sequence stratigraphic analysis uncovers intriguing patterns within the Samana Suk
Formation. The high-stand system tract is characterized by mudstones, pelloidal grainstones, and
dolomitized mudstones, indicating periods of high sea level. In contrast, the transgressive system
tract displays ooidal grainstones, pelloidal packstones, and pel-bioclastic grainstones, representing
transgression and inundation of previously exposed areas. A significant finding is the impact
of diagenesis on reservoir quality parameters, specifically porosity, and permeability. Diagenetic
processes, cementation types, and dolomitization patterns have significantly altered the pore network,
highlighting the importance of considering diagenesis in assessing the Samana Suk Formation as a
hydrocarbon reservoir. This research provides a comprehensive understanding of the sedimentology,
diagenesis, and sequence stratigraphy of the Middle Jurassic Samana Suk Formation. The findings
contribute to our knowledge of similar carbonate reservoirs globally, enhancing the exploration and
development of hydrocarbon resources in comparable depositional environments.

Keywords: diagenesis; sequence stratigraphy; Samana Suk formation; microfacies; depositional
environments; shallow marine carbonates; dolomitization stages; high-stand system track;
transgression; reservoir quality

1. Introduction

Reservoir characteristics are primarily controlled by depositional and diagenetic pro-
cesses [1–3]. The geometry of the carbonate platform governs the lateral arrangement of
depositional facies and the resulting primary porosity [1]. Diagenetic alterations bring
about changes in the initial features of limestone deposition, leading to a redistribution
of porosity. Only by researching the diagenetic history of carbonates can successive alter-
ations and pore rearrangements of carbonate reservoirs be identified [4–7]. Although the
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application of sequence stratigraphy enables the anticipation of facies arrangements [8–11],
there is insufficient information available regarding the depositional patterns of primary
porosity and permeability within the formation [9–11]. The geometry, sorting, and particle
size of sediments are the key factors in depositional reservoir quality. The distribution
of mudstones and other fine-grained deposits that may act as seals, baffles, and barriers
for fluid flow within reservoir rocks and as petroleum source rocks may be predicted
using sequence stratigraphy [9–11]. Spatial trends in diagenesis and their influence on
reservoir porosity-permeability patterns can be used to relate indirectly to relative sea-
level change and the stratigraphic sequence framework [12,13]. As a result, sequence
stratigraphy could be used to forecast intraformational reservoir quality. While a sequence
stratigraphic framework can provide insights into facies distribution and the deposition
of porosity and permeability in sedimentary successions, particularly in deltaic, coastal,
and shallow marine environments, it is not applicable for inferring facies distribution and
the depositional characteristics of porosity and permeability [10]. Diagenesis can be linked
to sequence stratigraphy since most of the constraints on early diagenetic processes are
also related to relative sea-level changes (e.g., pore water contents and flow, duration of
subaerial exposure) [14–17]. As a result, integrating diagenesis with sequence stratigraphy
will result in a powerful tool for predicting the geographical and temporal distribution
and development of quality in clastic reservoirs [18,19]. The geographic distribution of
diagenetic characteristics in different types of sedimentary successions has been extensively
studied, and it has been shown that this distribution is best understood when it is con-
nected to a stratigraphic model [14,20,21]. Carbonate successions of the Middle Jurassic,
represented by the Samana Suk Formation, are located in the foreland basin of Pakistan’s
Lesser Himalayas, which has been significantly altered by diagenetic processes such as
dolomitization and has good outcrop exposures. Pakistan’s Indus Basin carbonate sequence
is a reservoir. The Pakistani Hazara Fold and Thrust Belt, located in the Indus Basin, is
bordered by the Mansehra Precambrian crystalline zone to the north, the Potwar Plateau
to the south, the Kashmir Basin to the east, and the Peshawar Basin to the west, with
subbasins like Kohat and Potwar. Previously, Shah et al. [22] and Rahim et al. [23] were
documented the selectivity of carbonate facies in the Samana Suk Formation dolomitization
process in the Por Miana and Mera Rehmat, respectively. However, these investigations
were associated with vertical facies shift in one outcrop section, multiphase dolomitization,
and other related diagenetic processes in the studied section.

This work examines the distribution and characterization of diagenetic heterogeneities
related to sequence stratigraphic models and re-establishes the facies analysis and deposi-
tion architecture of the Samana Suk Formation. Moreover, it computes reservoir property
controls and explains the Samana Suk Formation’s diagenetic history and its influence
on reservoir quality evolution. This investigation will assist in modeling Jurassic play
exploration in the nearby Indus Basin. The distribution and characterization of diagenetic
heterogeneities within the Middle Jurassic Samana Suk Formation are of crucial importance
for understanding the reservoir quality evolution and modeling Jurassic play exploration in
the Indus Basin. Although previous studies have documented the selective dolomitization
process and related diagenetic processes in specific sections, there is a need to establish
a comprehensive understanding of the facies analysis, deposition architecture, and dia-
genetic history of the formation. This research aims to fill these gaps by investigating
the distribution and characterization of diagenetic heterogeneities within the Samana Suk
Formation using a sequence stratigraphic framework. By integrating sequence stratigraphy
and diagenesis, this study seeks to provide insights into the controls on reservoir properties
and the evolution of reservoir quality. The novelty of this research lies in its comprehensive
approach, combining facies analysis, deposition architecture, and diagenetic history. It
goes beyond previous studies that focused on vertical facies shifts in isolated sections and
multiphase dolomitization. By examining the diagenetic heterogeneities within the context
of sequence stratigraphic models, this study will provide a more holistic understanding of
the Samana Suk Formation and its reservoir characteristics.
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2. Geological Setting

The study area is in Pakistan’s Lesser Himalayan Hill Ranges, which includes the
Hazara region (Figure 1). These mountain ranges are part of the large Himalayan orogenic
belt’s foreland region. The study area is located on the hanging wall block of the Main
Boundary Thrust (MBT). It formed as a result of the Cenozoic collision of the Indian and
Eurasian plates [24–30]. The Indian Plate evolved during the Early Jurassic period when it
was part of the southern supercontinent (i.e., Gondwanaland) that began sliding northward
from neighboring Australia and Antarctica plates. Around 160 million years ago, the Indian
Plate moved around 9000 km before colliding with the Eurasian Plate [31,32]. Initially, the
supercontinent Pangaea was divided into Laurasia and Gondwanaland. Gondwanaland
was later divided into West and East Gondwana during the Early to Middle Jurassic. During
this period, this region was a part of the Indian Plate’s shelf edge, where thick depositions
of platform sediments accumulated [33–35]. The thick shallow water carbonate platform
deposits of the Samana Suk Formation, comprising oolitic, peloidal, fossiliferous, and
micritic facies, were formed throughout the Toarcian to Callovian periods along the shelf
margin of Neo-Tethys [34,36–39]. This formation contains most of the examined dolomites,
whereas the upper and lower formations are largely undolomitized. This carbonate se-
quence is about 200 m thick, with lateral thickness increasing from the northwest to the
southwest. Because of the restricted environment that occurred after the deposition of
these shelf carbonates, as well as the deposition of pyrite-rich and belemnite-bearing black
shale and siltstone during the Cretaceous period, the high-energy carbonates exhibit an
unconformable contact with the Cretaceous shale (Chichali Formation) on the northern
margin of the Indian plate.

Figure 1. Regional tectonic map of the studied section (adapted from [40]). The rectangles show the
study locations.
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The Indian Plate separated from Gondwanaland and began a rapid northward migra-
tion from Madagascar during the Upper Cretaceous (Cenomanian). During this period,
the Indian plate experienced dome uplift as a result of its passage through the Ninety-East
Keregulen hotspot, which led the Rajmahal traps to erupt [41]. The domal uplift caused
detritus to be eroded and spread over the basin, resulting in the deposition of Lumshiwal
Sandstone. Following the formation of the Chichali and Lumshiwal Formations. The
rapid northward movement resulted in the depth of the Indian Plate’s NW section and
the formation of homoclinal ramps, which resulted in the deposition of micritic carbon-
ates as the Kawagarh Formation [36,42]. The Cretaceous–Paleogene boundary denotes
an unconformable contact between the overlying Cenozoic succession and the Mesozoic
succession. Meanwhile, the northern half of the Indian plate underwent compression-
related elevating as a result of its collision with the Kohistan-Ladakh Island arc. During
this epoch, ophiolites were deposited in the northern section of the Indian Plate, such as the
Muslim Bagh Waziristan-Dargai ophiolites in Pakistan [43]. The Hangu Formation, which
consists of laterite, fireclay, and sandstone, was formed during this time period and rep-
resented subaerial exposure. The overlying Lokhart Limestone has lagoonal facies, while
the Patala Formation has alternating shale and limestone [44]. The highest strata of the
Patala Formation are composed of paleosols that reflect a Paleocene-Eocene unconformity.
Later, a collision between India and the Kohistan Island Arc (KIA) resulted in sea-level
regression during the Early Eocene, and thus a shallow and marginal marine and evaporitic
environment prevailed in the Hill ranges [44,45]. Early Eocene Margalla Hill limestone,
which mainly consists of nodular limestone [46], followed by the deposition of thinly
bedded limestone of Chorgali Formation and later on Kuldana Formation (shales, marls,
and limestone layers [47] and subsequent Himalayan uplift resulting in the deposition of
Murree Formation [48,49]. The stratigraphic column of Hazara Basin is shown in Table 1.

Table 1. Regional Stratigraphic Column of Hazara Basin, Northwest Himalayas, Pakistan.

Age Formation Description

C
en
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oi

c

M
io

ce
ne

Murree
Unconformity

Sandstone, siltstone, clay

Eo
ce

ne

Kuldana Shale, gypsum with interbeds of limestone

Chorgali Limestone with interlayers of shale/marl

Margala-Hill Limestone Nodular limestone with interbedded
shale/marl

Pa
le

oc
en

e

La
te

Patala Marly shale with few thin limestone beds

Lockhart Limestone Nodular limestone with occasional
marl/shale layers

Ea
rl

y Hangu
Unconformity Siltstone, sandstone, shale, bituminous shale

M
es

oz
oi

c

C
re

ta
ce

ou
s La

te Kawagarh Micritic limestone with shale interbeds

Ea
rl

y

Lumshiwal Sand, siltstone with shale interlayer

Chichali Gluconitic shale, sandstone

Ju
ra

ss
ic Samana Suk Limestone with intra-formational

conglomerate

Datta
Unconformity Calcareous sandstone with fire clay and shale
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Table 1. Cont.

Age Formation Description
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Abbottabad
Unconformity

Dolomites with sandstone, shale, and
conglomerate

Pr
e-

C
am

br
ia

n

Hazara Shale, phyllite, and shale with minor
limestone and graphite

The Indian and Eurasian plates collided, resulting in the construction of an S-W-
directed thrust system in the Indian plate. The major thrust systems are the Main Karako-
ram Thrust (MKT), the Main Mantle Thrust (MMT), the Main Boundary Thrust (MBT),
and the Salt Range Thrust (SRT). The north-south compressional regime is represented by
the presence of east-west trending major structures (i.e., MBT) and other local faults in the
study area and its surroundings [25,26,29].

3. Material and Methods

A total of 182 thin sections were prepared from samples taken from two localities, i.e.,
Mera Rehmat (73◦20′29′′ E; 34◦14′33′′ N) and Por Miana (72◦43′9′′ E; 33◦54′53′′ N), both in
the upper Indus basin, to develop a depositional model and explain the diagenetic history
of the Samana Suk Formation. Thin-section samples were obtained every 0.5 m. Thirty-
thin sections were treated with Alizarin Red-S and potassium ferrocyanide, as described
by Dickson [50], and 100 were impregnated with blue-dyed epoxy resin. Thin section
descriptions include the texture, size, type of allochems and diagenetic characteristics, the
sequence stratigraphic effects, and the relationship between the last two. The Dunham [51]
and Embry and Klovan [52] limestone classifications were used to classify the rocks. The
interpretation of facies is based on rock characteristics and the diagenetic comparison of
successions with well-established models [53–55]. According to Flügel and Munnecke [55],
special attention was put on identifying standard ramp microfacies types (RMF). Plumley
et al. [56] classification was used to evaluate the energy index of sedimentary facies. Overall,
the texture, grain type and size, sorting, bedding style, primary sedimentary structures of
the rocks, facies, interpretation of depositional setting, appearance according to lithofacies,
erosive surfaces, sequence boundaries, and the impact of sequence stratigraphic events on
diagnostic outcomes were described in the study thin sections. Two hundred and twenty-
eight thin-sections in total were prepared and examined under a polarizing microscope
to integrate lithological and diagenetic data for facies characterization, and to construct a
conceptual 3-D depositional model.

4. Results

4.1. Field Observations

In the field observations, it was found that limestone and dolomite are recognizable
based on their color contrast, hardness, and behavior toward acid treatment. In both
sections, the limestone was mostly light to dark gray in color, thin to thickly bedded, and
fine to coarsely grained (Figure 2a). The limestone was micritic in the lower part of the Mera
Rehmat section and mostly dolomitized in the upper part, while it was mostly dolomitized
in the Por Miana section. Moreover, it was massive, hard, and compact, with calcite veins
and minor cross-bedding and fractures. Dolomites are light brown to yellowish in color.
Detailed observations showed dolomitization occurred in the studied sections as (i) bedding
parallel units (Figure 2b) and (ii) patchy dolomites (Figure 2c). Field observations indicate
that bedding parallel or stratiform dolomites are restricted to the basal part of the studied
formation, while patchy dolomite is distributed unevenly in the basal and middle parts of
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the section. Stylolites are abundant in the outcrops and are found both in dolomite and
limestone. They are mostly filled with dark brown, patchy dolomite and are distributed
at low or high angles or parallel to major bedding planes (Figure 2d). The pore-filling
white saddle dolomite is present in some places at the top of the unit. Dolomitization and
dedolomitization were also observed on the outcrop (Figure 2e). Various hard ground
surfaces are also marked in the Mera Rehmat section, which indicates sea level fluctuations
(Figure 2f).

Figure 2. Field photographs showing: (a) grey limestone and yellow dolomite, (b) bedding parallel
dolomite, (c) patchy dolomite with a thin calcite vein, (d) bedding parallel stylolite, (e) dolomite and
Dedolomite, and (f) erosive surface.

4.2. Microfacies Analysis

In the examined sections, nine microfacies types were recognized in the Middle Jurassic
rocks.
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4.2.1. Mudstone (MF-1)

In the Mera Rehmat region, this microfacies represents 20% of the overall thickness,
whereas, in Por Miana, it comprises 10% of the entire thickness. In the outcrop, this facies
consists of yellow sandy limestone that is faulted and fractured and contains parallel bed-
ding stylolites with yellow dolomite patches (Figure 2). This microfacies is more common
in the middle to upper Por Miana section, but it occurs at irregular intervals in the middle
to the upper half of the Mera Rehmat section. This microfacies consists of 85% matrix,
5–10% dolomite rhombs, 4% twin calcite, and 1% peloids, whereas diagenetic features
include twinned calcite, burrowed dolomite and stylolites, respectively (Figure 3a,b). This
facies is mostly micritic in both sections (Figure 3a), with only minor cementation seen in
veins.

 
Figure 3. Photomicrographs of microfacies of Samana Suk Formation (a,b) mudstone microfacies,
(c,d) dolomitized mudstone microfacies, and (e,f) dolomite.
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4.2.2. Dolomitized Mudstone (MF-2)

This facies comprises 6% of the overall thickness in the Mera Rehmat section and is
evident in the first, second, and fourth cycles of the Mera Rehmat section, but less than
1% in the Por Miana section. It is composed of light gray limestone with parallel bedding
stylolites within dolomite. Microscopic observations reveal that MF-2 contains 60% matrix,
of which 20% are sucrosic dolomite rhombs and 5% are Fe oxides, which are scattered as
authigenic minerals (Figure 3c). While the blue color of dolomites indicates diagenetic
porosity (Figure 3d), Equant cement was observed scattered throughout the matrix. Along
with extensive dolomitization, stylolites, parallel bedding, and calcitized euhedral cores,
dedolomitization was also observed. In the case of diagenesis, the first stage consists of a
matrix, the second of matrix-replacing dolomite, the third of sucrosic dolomite, and the
fourth of authigenic Fe oxide.

4.2.3. Dolomite (MF-3)

This microfacies comprises 1% of the overall thickness of the Mera Rehmat section and
5% of the thickness of the Por Miana section. This outcrop is composed of medium-bedded
limestone with modest cross-bedding and parallel-bedded dolomites. Flaser bedding,
cross-bedding, and minor fossiliferous beds were also observed. This microfacies occurs
at the base of Por Miana and in veins containing 4–5% calcite. Matrix, twin and syntaxial
calcite, stylolite, pervasive dolomitization, and complete dolomitization are all diagenetic
characteristics (Figure 3a–f). This microfacies exhibits dolomitization and dedolomitization
in the middle and upper portions of Mera Rehmat, while the base is micritic, cemented,
dolomitized, and dedolomitized. In the case of Por Miana, this facies is minor micritic and
cemented, as well as dolomitized and sometimes dedolomitized. As a matrix replacement
during the diagenetic stage, dolomite rhombs have formed. This facies is common near
the base of the Por Miana section, and it repeatedly occurs in thin layers in the Mera
Rehmat section.

4.2.4. Ooidal Grainstone (MF-4)

This microfacies comprises 10% of the thickness of the Mera Rehmat section and 3%
of the thickness of the Por Miana section. On the outcrop, this facies consists of medium- to
thickly bedded, sand-textured, light-gray limestone that is locally brecciated. In the Mera
section, ooidal grainstones are present in the lower and middle parts, but in the Por Miana
section, they are only found in the top part. This facies comprises 90% ooids, 1% bioclasts,
1% peloids, and 8% cement in thin sections (equant, blocky, twin, and syntaxial). Ooids
are deformed and micritized (Figure 4a). These ooids, which are selectively dolomitized,
are bound together by cement crystals. In the first step of diagenesis, micritic ooids are
produced. In the second stage, calcite veins with equant cement are cut across ooids.
The third diagenetic stage is stylolization, and the fourth diagenetic stage is the inflow of
authigenic quartz crystals along stylolites. Large euhedral dolomite crystals with cloudy
cores and saddle dolomite are very sensitive to telogenetic meteoric alterations during
uplift and meteoric water inflow. This microfacies exhibits micritized (Figure 4b), calcitized,
stylolites, dolomitized, and dedolomitized behavior at the base of the Mera section, and
only micritization and cementation are visible in the middle and upper parts. In the Por
Miana area, the upper portion of this facies is micritic, calcitized, and dolomitized.
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Figure 4. Photomicrographs of microfacies of Samana Suk Formation: (a,b) ooidal grainstone,
(c,d) peloidal grainstone, and (e,f) intraclastic peloidal grainstone.

4.2.5. Peloidal Grainstone (MF-5)

This microfacies accounts for 20% of the overall thickness of the Mera section and
10% of Por Miana. On the outcrop, this facies consists of stratiform yellowish dolomite
with alternating layers of light and dark limestone. It is prevalent in the third and fourth
depositional cycles of the Mera section, whereas it is found randomly in the Por Miana
section. In thin sections, this facies is composed of 90% peloids, 6% cement, and 4% quartz.
Peloids are micritic, cements are blocky and syntaxial (Figure 4c,d), and in various thin
sections, tectonic/post-diagenetic stylolites were also identified. Along with stylolite,
dolomite rhombs ferroan in their centers were also observed. In the first stage of diagenesis,
both peloids and bioclasts are micritized. In the second stage, twin, equant, and blocky
types of cement are found in various thin sections. The third stage consists of stylolites and
pervasive dolomite next to the stylolite, followed by burrowed dolomite.
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4.2.6. Intraclastic Peloidal Grainstone (MF-6)

This facies accounts for 1% and 4.5% in the Mera Rehmat and Por Miana sections,
respectively. On the outcrop, this facies is light gray limestone with minor patches of
dolomite and bedding parallel stylolites. It is found at the bottom of the first depositional
cycle, and in other dispersed areas of the subsequent cycles, but in Por Miana, it is found at
the bottom of the section rather than at the top. This facies comprises 30% bioclasts, 40%
intraclasts, 10% micritic peloids, and 20% cement among grains, according to thin section
analysis (Figure 4e,f). Diagenetic stages show micritic ooids, cement, stylolite in unstained
areas, and pervasive dolomite rhombs.

4.2.7. Peloidal Ooidal Grainstone (MF-7)

This facies comprises 1% of the Por Miana sections and 9% of the Mera Rehmat
section. On the outcrop, this microfacies consists of medium to thickly bedded hard and
compact limestone with occasional crossbedding and brecciation in parts with patchy
dolomite and bedded parallel stylolites. It is abundant in all depositional cycles and
at various horizons in the Mera Rehmat section, while it is found in the lower to the
middle part of the Por Miana section. In the studied thin sections, it is composed of 80%
peloids and 10% ooids (Figure 5a,b). It also contains biota such as miliolides, gastropods,
pelecypods, and brachiopods. In the first stage of diagenesis, micrite, micritic ooids, and
peloids are prevalent; in the second stage, equant cement is found among grains, and twin
calcite veins run parallel to the bedding plane; in the third stage, tectonic stylolites are
evident, along which pervasive dolomite rhombs are found; in the fourth stage, selective
dolomitization takes place which could be related to Himalayan tectonics; and in the final
stage, dedolomitization of dolomite occurs.

 
Figure 5. Photomicrographs of microfacies of Samana Suk Formation: (a,b) peloidal ooidal grainstone,
(c,d) ooidal grainstone, and (e,f) peloidal packstone.

104



J. Mar. Sci. Eng. 2023, 11, 1230

4.2.8. Peloidal Wackestone (MF-8)

This microfacies is present in the Mera Rehmat section (1%) and in the Por Miana
section (7%). On the outcrop, this microfacies displays characteristics such as thin to thickly
bedded gray peloidal and oolitic limestone with yellow dolomite patches. Petrographic
studies reveal that this microfacies is composed of 40% peloids, 30% matrix, 10% cement,
and 10% dolomite. There are 5% quartz crystals scattered in the matrix (Figure 5c). In the
first stage of diagenesis, this facies manifests as micritic peloids and matrix. Blocky cement
in veins is the second diagenetic stage, tectonic stylolite with dolomite inclusions, whereas
the third-stage dolomite rhombs have cloudy cores (Figure 5d). This facies is composed of
bands of alternating peloids, ooids, and micrite.

4.2.9. Peloidal Packstone (MF-9)

This facies comprises 1% of the overall thickness of the Mera Rehmat layer and 10% of
the Por Miana section. On the outcrop, this microfacies exhibits light gray, sandy limestone
with parallel dolomite bedding. This microfacies is predominant in the first and second
cycles of the Mera Rehmat section and dispersed throughout the Por Miana region. Peloids
account for 85% of the microfacies, while dolomite rhombs make up the remaining 15%.
Peloids and bioclasts are micritic and cemented by equant cement, while bioclasts are
calcitized by twin calcite and dedolomitized scattered dolomite rhombs (Figure 5a–f).
Extensive bioturbation, abundant peloids, rare smaller benthic forams, gastropods, and
pelecypod fragments were also observed.

4.3. Diagenetic Processes

Carbonate rocks are very susceptible to post-depositional diageneses, such as cemen-
tation, recrystallization, compaction, and dolomitization [57]. In the examined sections,
Jurassic carbonate deposits underwent a variety of diagenetic processes, including micriti-
zation, cementation, compaction (physical and chemical), dissolution, and dolomitization.

Following is a description of the various diagenetic processes impacting the carbonates
under study.

4.3.1. Micritization

Micritization was readily observed in ooids and bioclasts during thin-section analysis
at various Samana Suk Fm levels. Micritization has cut through the entire cortex in the ooids,
following the radial pattern. Early stages of micritization in the examined sections indicate
the formation of micrite envelopes surrounding grains. Certain microfacies are partly or
completely micritized (Figure 6a,b), and the ooids within them are only distinguishable
due to their spherical shapes and weak relics. The majority of the abundant peloids in the
Samana Suk Formation seem to be micritized. In the thin section, ooids and bioclasts in
various states of micritization are identifiable.

4.3.2. Cementation

According to sedimentological characteristics, numerous generations of calcite cement
with little dolomite input were identified. In the Samana Suk Formation, the six cement
types listed below have been identified:

(a) The most common type of cement was the equant calcite spar, which filled pores and
skeletal chambers, and veins (Figure 6c–e);

(b) Granular blocky or equant calcite cement: The crystal boundaries in this cement are
frequently irregular to curved, but occasionally straight. This cement resulted from
aragonite leaching since it is present in both intergranular pores and molds. The
crystal’s size increased from the mold’s perimeter to its center. Occasionally, crystals
exhibit intense twinning;

(c) Coarse, blocky calcite cement is the most prevalent type of cement in the Samana Suk
Fm. Clear, coarse to very coarse calcite cement (Figure 6e). In thin sections, it appeared
to have straight boundaries on one side and curved boundaries on the other. It

105



J. Mar. Sci. Eng. 2023, 11, 1230

completely fills all accessible intergranular pores. Sometimes, thin isopachous cement
is used to line molds, and the remaining space is filled with a single calcite crystal;

(d) This cement was evident in compacted grainstones with syntaxial overgrowths. Syn-
taxial overgrowth (Figure 6f) is difficult to distinguish from poikilotopic cement and
frequently replaces bioclasts;

(e) Poikilotopic cement: This form of cement in the Samana Suk Formation is a highly
coarse-grained, poikilotopic (Figure 7a), clear, blocky, calcite cement that fills pore
spaces surrounding multiple grains. It has a diameter of several millimeters;

(f) Ferroan dolomite cement; molds and intergranular pores include dark brown to
reddish brown, anhedral to subhedral, coarsely crystalline ferroan and non-ferroan
dolomite and twin calcite (Figure 7b–d).

 
Figure 6. Photomicrographs of diagenetic fabric (a,b) micritization and cementation, (c,d) equant
cement, (e) blocky cement, and (f) syntaxial cement.
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Figure 7. Photomicrographs of diagenetic fabric (a) poikilotopic cement, (b) ferroan dolomite cement,
(c,d) twin calcite, and (e,f) dolomitization.

4.3.3. Dissolution

Dissolution is common in the examined intervals, indicating late-stage porosity de-
velopment (Figure 8). Moldic (Figure 8c), vuggy, and inter- and intra-particle (Figure 8a,b)
porosity are all types of dissolution-associated porosity.

4.3.4. Mechanical and Chemical Compaction

The depth-dependent porosity distribution and compaction trends are influenced by
various textures, diagenetic conditions, and mineralogies [58,59]. Various horizons record
the detailed distribution of these features in individual microfacies. In the investigated
section, broken and cracked ooids along the lamellae and broken cortical layers are common.
Mudstone (micrite) is often converted into microspar owing to compaction; however,
compaction is not uniform across all microfacies (Figure 9b).
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Figure 8. Photomicrographs of diagenetic fabric showing dissolution (a) inter-particle porosity,
(b) intra-particle porosity, and (c) moldic porosity.

Figure 9. Photomicrographs showing mechanical and chemical compaction (a) sutured seams,
(b) broken micritic envelope, (c) grain interpenetration, and (d) sutured contacts.

Sutured seams (Figure 9a), microstylolites, and stylolites identified in sections con-
stitute the pressure solution (Figure 9a,c). Sutured seams and microstylolites are mostly
horizontal and parallel to bedding planes, indicating that overburden stresses most likely
caused the pressure solution phenomenon. The initial pressure solution is concentrated at
grain contacts in grainstone (Figure 9d), resulting in sutured contacts and grain interpene-
tration (Figure 9c).

4.3.5. Neomorphism

Calcite largely replaced aragonitic allochems in the section studied (i.e., shell frag-
ments). Petrographic investigations demonstrated that microcrystalline calcite recrystal-
lized into equant calcite spars of varying crystal sizes. Aggregational neomorphism results
from partial to total recrystallization of the skeletal components. The different skeletal
grains, echinoderms, foraminifera, algal grains, and other bioclasts coated with micritic
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envelopes and exhibiting aggradation neomorphism, suggestive of subaerial diagenesis,
support this process.

4.3.6. Dolomitization

Pore-filling dolomite plays a major role in the diagenetic process in the section
(Figure 10). The Samana Suk Formation contains dolomite in several forms: (a) layered
thin beds; (b) burrowed dolomite (Figure 10e); (c) patches, clusters, matrix replacive and
dispersed dolomite crystals (Figure 10c,d); (d) grain-selective (Figure 10f) and matrix-
selective dolomite (Figure 10a); (e) molds and fracture-filling dolomite; and (f) pervasive
dolomite. The parent rock is occasionally visible in the dolomitized layer (Figure 10b). Fine
to medium-crystalline, anhedral to subhedral mosaics of dolomite crystals pervade several
thin sections (Figure 7e,f). This widespread dolomite formed early in the diagenetic period.

 

Figure 10. Photomicrographs reflecting different types of dolomitization (a) pervasive dolomitization,
(b) layered, (c,d) matrix repulsive, (e) burrowed dolomite, and (f) grain selective.

The dolomite crystals that have replaced the allochems are rich in inclusions, but the
crystals formed in the intergranular spaces are finer and coarser. Crystal size grows toward
the pore center in molds. Very fine crystalline subhedral dolomite was used to fill the
intergranular pore spaces. Dolomite is also observed as cement in the slightly dolomitized
mudstones.
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4.4. Sequence Stratigraphy

The Samana Suk Formation represents deposition in three different environments:
open marine, lagoon, and shoreline/coastline. According to the microfacies and sequence
stratigraphic data, the Samana Suk Formation is composed of a 2nd-order local cycle, which
is equivalent to the global sequences reported by Haq et al. [60]. Similarly, the Samana
Suk Formation’s 3rd-order sequences comprise five High-stand Systems Tracts (HSTs),
five Transgressive Systems Tracts (TST) in the Mera Rehmat section (Figure 11), and three
TST and two Highstand Systems in the Por Miana section (Figure 12). The Samana Suk
Formation has recorded third-order system tracts (Figures 11 and 12).

Figure 11. Cont.
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Figure 11. Litholog showing microfacies distribution, diagenetic and sequence stratigraphic attributes
of Mera Rehmat section.

4.4.1. Depositional Sequence 1

A TST near the base of the Mera Rehmat section makes sharp contact with the underly-
ing Datta FM. This section begins with siliciclastic wackestone facies displaying underlying
formation inclusions, followed by a lagoonal to inner ramp setting (Figure 13).

Micritization and cementation are prevalent diagenetic features with stylolites and
authigenic content in alternate bands of grainstone, wackestone, and mudstone with mi-
nor peloidal intraclastic facies. While the uppermost ooidal grainstone is the Maximum
Flooding Zone (MFZ), dolomitization and dedolomitization occur at the end of this trans-
gression cycle. The MFZ is represented by the topmost ooidal grainstone in the Mera
Rehmat section. The TST in Por Miana is characterized by the repetitive deposition of
peloidal grainstone and intraclastic peloidal grainstone, as well as lagoonal facies such as
peloidal packstone and wackestone. Micritization and calcitization are early diagenetic
features, whereas stylization and dolomitization are late diagenetic features, with minimal
authigenic content in the intraclastic peloidal grainstone as the last diagenetic phase. Por
Miana is distinguished by the presence of dolomite at the base, which is followed by
intraclastic peloidal grainstone. The packstone and wackestone facies exhibit micritization,
cementation, dolomitization, and stylolization. Dedolomitization and authigenic minerals
were also observed in intra-clastic peloidal grainstone microfacies (Figure 14).
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Figure 12. Litholog showing microfacies distribution, diagenetic, and stratigraphic sequence at-
tributes in the Por Miana section.
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Figure 13. Hypothetical depositional model for Samana Suk Formation.

4.4.2. Depositional Sequence 2

The Mera Rehmat’s HST of DS2 is characterized by the deposition of mudstones and
repeated dolomitized mudstone and peloidal grainstone facies of the lagoon. These facies
have been micritized, calcitized, and stylolized. In the last diagenetic stage, dolomitized
mudstone is dolomitized and dedolomitized. Dolomite, mudstone, and bioclastic peloidal
and bioclastic wackestones characterize the HST in the Por Miana region. The lagoonal en-
vironment defines this area (Figure 12)—micritized, calcitized, and dolomitized mudstone
and dolomite facies containing authigenic inclusions in mudstone. Micritization, calcitiza-
tion, and stylolization are early stages of diagenesis in peloidal bioclastic wackestone. The
Mera Rehmat section’s TST of the depositional sequence is described by the deposition of
ooidal grainstone, ooidal peloidal grainstone, dolomitized mudstone, peloidal packstone,
and pel-bioclastic packstone to grainstone facies, which represent the lagoon to inner ramp
environment and sea level transgression. These facies are micritized and calcitized, whereas
the highest flooding zone is dolomitized ooidal grainstone at the top of the cycle. The TST
of DS2 in the Por Miana section is characterized by the presence of peloidal grainstone,
ooidal peloidal grainstone, mudstone, dolomitized mudstone, and peloidal packstone
facies, all of which are micritized except for dolomite. The peloidal wackestone, dolomite,
and mudstone facies lack cementation. Stylolite is observed at the base of TST in peloidal
grainstone, peloidal ooidal grainstone, peloidal wackestone, and mudstone facies, and in
lesser amounts at the top. Dolomitization often occurs in mudstone, peloidal wackestone,
and dolomite facies. Dolomitized mudstone facies towards the top have some authigenic
material (Figure 14).
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Figure 14. The model represents the overall interplay of sequence stratigraphic architecture of the
Samana Suk Formation.

4.4.3. Depositional Sequence 3

Dolomite at the bottom of the HST of DS3 in the Mera Rehmat section and peloidal
and ooidal grainstones that look similar to lagoonal and shoal bars set it apart. All facies are
micritized and calcitized. Peloidal and ooidal grainstones are stylolized, dolomitized, and
dedolomitized at the base of the cycle. Por Miana’s High Systems Trajectory represents the
peloidal grainstone, ooidal grainstone, mudstone, pel-bioclastic pack-to-grainstone, and
intraclastic peloidal grainstone, which characterize the depositional environment ranging
from lagoon to shoal bar. All facies are micritized and calcitized except for peloidal wacke-
stone, which lacks cement. The mudstone and ooidal grainstone facies are dolomitized and
include authigenic minerals. A sequence boundary is marked at the top of HST due to the
presence of an erosive surface. The transgressive systems tract (TST) of DS3 in the Mera
Rehmat section is marked by repeated ooidal grainstone, peloidal grainstone, mudstone,
intraclastic peloidal grainstone, and the topmost peloidal wackestone facies. From lagoonal
mud to the inner ramp’s peloidal wackestone facies, these facies ultimately mark the depo-
sitional environment. The top is marked by a maximum flooding surface. The TST of DS3
in the section is marked by a single peloidal packstone facie that is micritized, calcitized,
dolomitized and includes authigenic content (Figure 14).

4.4.4. Depositional Sequence 4

In the Mera Rehmat section, the fourth cycle of the Middle Jurassic Samana Suk
Formation comprises a TST with peloidal grainstone, ooidal grainstone, peloidal bioclastic
grainstone, and intraclastic peloidal grainstone facies. Micritization and cementation
episodes affect these grainstones, while dolomites occur at three horizons. Stylolites
are observed in peloidal and ooidal grainstones at specific horizons within the TST. The
HST in the Mera Rehmat section consists of basal thick mudstone facies, followed by
peloidal grainstone, ooidal wackestone, pelbioclastic pack to grainstone, and peloidal
ooidal grainstone facies. The topmost layer represents a thin mudstone facies marking the
sequence boundary. Dolomites and stylolites are confined to the peloidal ooidal grainstone
and pelbioclastic pack to grainstone facies within the HST. It is important to note that this
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sequence is not observed in the Por Miana section, indicating lateral facies variations within
the Samana Suk Formation. These precise observations provide valuable insights into the
sedimentological and diagenetic characteristics of the Middle Jurassic carbonates in the
Mera Rehmat section.

4.4.5. Depositional Sequence 5

In the Mera Rehmat section, the TST of the fourth cycle in the Middle Jurassic Samana
Suk Formation comprises the following facies: six units of pelbioclastic pack to grainstone,
three units of peloidal grainstone, ooidal grainstone, mudstone, intraclastic peloidal grain-
stone, bioclastic grainstone, and peloidal ooidal grainstone. Stylolites and dolomites are
observed at three horizons within the pelbioclastic pack to grainstone facies towards the
top, at the base of the intraclastic peloidal grainstone facies, and in the middle part of the
peloidal grainstone facies. Above the transgressive surface, the HST in the Mera Rehmat
section includes the following facies: peloidal grainstone, dolomitized mudstone, dolomite,
mudstone, peloidal grainstone, and pelbioclastic pack to grainstone. Dolomites are also
present in the pelbioclastic pack to grainstone facies, which marks the MFZ. It is important
to note that this specific sequence is not observed in the Por Miana section, indicating
lateral facies variations within the Samana Suk Formation. These precise observations
provide valuable insights into the facies distribution, diagenetic features such as stylolites
and dolomites, and the stratigraphic architecture of the Mera Rehmat section in the Middle
Jurassic Samana Suk Formation.

5. Discussion

5.1. Depositional Environment

The variety of microfacies within the Samana Suk Formation suggests a complex
depositional history with different energy conditions, ranging from hypersaline supratidal
to high-energy marine environments, highlighting the dynamic nature of the depositional
setting.

MF-1: Mudstone facies-1 often follows transgressions in sequence stratigraphy
(Figures 11 and 12). The mudstone texture, dolomitized lime mud matrix, and absence
of marine biota all point to low-energy depositional conditions. The presence of lime
mud in microfacies suggests a calm water condition. This non-laminated, unfossiliferous,
homogenous micritic mudstone microfacies is characteristic of a low-energy supratidal
environment, most likely mudflats or tidal ponds. This facies coincides with Flügel and
Munnecke’s [55] SMF-23 and Wilson’s FZ-8 [53].

MF-2: These mudstones are often deposited along the edge of shoals, where energy
shifts are frequent, and the resultant sedimentary facies assemblage consists of alternat-
ing grainstone and mudstone layers [61]. This facies is similar to SMF-23 of Flügel and
Munnecke [55] and FZ-8 of Wilson [53].

MF-3: Diagenetic dolomite rhombs replaced the matrix. Low faunal contents sug-
gest a tidal flat-deposited lime-mudstone parent rock. This facies matches Flügel and
Munnecke [55] SMF-23 and Wilson FZ-8 Wilson [53].

MF-4: Ooids mostly form on high-energy shoals of the inner shelf within the plat-
form interior and are limited to near-coast, marginal marine environments. Ooids are
first deposited along with gastropods in the low-energy lagoon setting. Encrusted and
micritized ooids form grapestone fabric. Later, ooids and intraclasts are reworked to the
high-energy inner shelf and deposited above Fair Weather Wave Base (FWWB) in typical
marine conditions. This facies matches Flügel and Munnecke [55] SMF-23 and Wilson FZ-8
Wilson [53].

MF-5: This facies is deposited at lower water depths than the packstone facies in a
high-energy shallow subtidal shoal environment. It is interpreted as a carbonate shoal
deposit above the normal wave base. Grainstone texture and broken fragments of bioclasts
imply high-energy environments, whereas peloids indicate a low-energy environment.
Thus, lagoonal tidal inlets with high-energy settings can deposit microfacies. The bioclasts
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imply a shallow environment with normal salinity and may have been transferred to
lagoonal tidal inlets by storm surges or waves. This facies corresponds to SMF 16 of
Wilson [53] and Flügel and Munnecke [55].

MF-6: Many peloids indicate low energy. Bioclasts, pelecypods, brachiopods, and
other skeletal fragments suggest a shallow, normal-salinity marine environment. Intraclasts,
bioclasts, and ooids indicate high energy above the fair-weather wave base. These allochems
and fossils indicate that the microfacies is deposited in the near-shore zone of the inner shelf
during storms. The peloids of low-energy conditions are reworked into such high-energy
settings. The facies correspond to SMF 16 of Wilson [53] and Flügel and Munnecke [55].

MF-7: Micritic envelopes and selective micritization have been observed. Due to
biogenic encrustations, micritized ooids occur in protected lagoonal environments. Peloids,
milliolids, and gastropods are also indicative of lagoonal environments. The presence
of bioclasts, pelecypods, brachiopods, and other skeletal fragments suggests a shallow
marine environment with normal salinity. The ooids develop in the high-energy shoal
environments of the inner shelf’s interior, which are restricted to near-coast marginal
marine environments. The dominance of sparite further supports the high-energy condition.
Initially, ooids are reworked and deposited in the low-energy lagoon with miliolids and
gastropods. The ooids are encrusted and micritized to form a fabric of grapestone. Later,
the ooids and intraclasts are redistributed to the inner shelf with high energy and deposited
in typical marine conditions above the FWWB [62]. The facies match [53] and [55] SMF 16.

MF-8: The rich lime mud matrix with limited fauna suggests a lagoonal environment
with low circulation [62]. The facies match [53] and [55] in SMF 16.

MF-9: Extensive bioturbation, abundant peloids, rare smaller benthic forams, gas-
tropods, and pelecypod fragments in the micritic matrix suggest a low-energy, shallow
subtidal lagoonal environment. Pseudo-ooids imply sporadic, moderate energy. Iron ox-
ides surrounding grains suggest slow sedimentation. This facies implies warm, moderate
to highly agitated, shallow water up to 5 m in the shoal (Figures 11 and 12). The facies
match [53] and [55] in SMF 16.

The Samana Suk Formation exhibits a diverse range of microfacies, each indicative of
specific depositional environments. The presence of MF-1, characterized by non-laminated,
unfossiliferous mudstone with dolomitized lime mud matrix, calcite-filled evaporative
molds, and absence of marine biota, suggests a low-energy hypersaline deposition in a
supratidal environment, possibly mudflats or tidal ponds [22]. MF-2, which comprises
alternating grainstone and mudstone layers, is typically found along the edges of shoals
where frequent energy shifts occur [63]. MF-3, with diagenetic dolomite rhombs and low
faunal content, suggests deposition on tidal flats. MF-4 corresponds to high-energy shoals
within the platform interior, featuring ooides and grapestone fabric, indicating deposition
in near-coast, marginal marine environments [64]. MF-5 is interpreted as a carbonate shoal
deposit in a high-energy shallow subtidal shoal environment, with grainstone texture,
broken fragments of bioclasts, and peloids indicating both high- and low-energy environ-
ments. MF-6 represents the near-shore zone of the inner shelf during storms, with peloids,
bioclasts, pelecypods, and ooids suggesting high-energy deposition. MF-7 shows micritic
envelopes, selective micritization, and encrusted ooids, indicating protected lagoonal envi-
ronments [55]. MF-8 suggests a lagoonal environment with low circulation, while MF-9
implies a low-energy, shallow subtidal lagoonal setting with extensive bioturbation, peloids,
benthic foraminifera, and gastropods [65].

5.2. Diagenetic History and Sequence Stratigraphy

The diagenetic history of the Samana Suk Formation is characterized by a series
of processes and products that have influenced the sedimentary rocks. After sediment
deposition and early grain settlement, a microbial activity played a significant role in filling
grain pores with micrite and forming micrite envelopes around ooids and other allochems.
Endolithic fungi, algae, and bacteria are believed to be responsible for this micritization
process [59,66,67]. The extensive micritization observed in the formation indicates a slow
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sedimentation rate, allowing ample time for blue-green algae to transform grains before
burial [68]. Micritization varies across different horizons, with some mudstones exhibiting
more extensive micritization compared to grainstones and dolostones. Thin-section studies
have revealed ooids and bioclasts in various stages of micritization, often displaying a
radial pattern that extends throughout the entire cortex. Bacterial boring can lead to the
complete loss of primary particle texture and subsequent micritization [69,70].

Additionally, diagenetic processes such as calcitization of dolomite, dedolomitization,
and early aragonite dissolution have played a role in the formation. Calcitization occurs due
to changes in pore water chemistry from marine to meteoric composition, resulting in the
transformation of dolomite to calcite [71]. Dissolution of aragonite skeletal detritus, mainly
gastropods and bivalves, has been observed, with isopachous bladed and blocky types
of cement filling moldic pores, indicating early dissolution. Pressure solution diagenesis,
characterized by chemical compaction, occurs as a result of gravity loading or unilateral
tectonic stress, leading to the development of microstylolites, sutured seams, and stylolites.
Pressure solution dissolution at grain contacts and solution seams or stylolites causes calcite
to re-precipitate as cement in surrounding limestone, reducing porosity [72–75].

Dolomitization is another important diagenetic process observed in the Samana Suk
Formation. It is associated with the evaporation of marine pore water, particularly in
near-shore environments and the mixed meteoric/marine pore water zone. Dolomitization
occurs during a relative sea-level fall when the mixed marine/meteoric pore-water zone
shifts landwards. These highly dolomitized zones can impede vertical hydrocarbon flow
due to their tight nature and the presence of organic matter from decayed cyanobacteria [13].

Early diagenetic processes and products in the formation vary depending on the
system tract. The shelf regions experience the formation of carbonate sediments, often
cemented by marine aragonite and/or high-Mg calcite rims and pore-filling cement, during
the HST. In the more exposed sections of the ramp and platform sediments, meteoric water
flow influences the diagenetic processes, while deeper and more buried regions may un-
dergo marine pore-water diagenesis. The variation in pore-water composition is attributed
to the “floating” of meteoric waters over denser marine pore waters [76]. As the HST
deposits become subaerial, meteoric water percolation leads to the dissolution of marine
grains and types of cement, forming karstic structures as they reach the sequence bound-
ary [77,78]. Carbonate deposits along the TST and approaching the maximum flooding
surface (MFS) exhibit increased marine carbonate types of cement, such as aragonite/high-
Mg calcite rims and syntaxial overgrowths, as well as dolomitization. This is attributed to
the migration of the marine pore-water zone into the basin and the mixing of meteoric and
seawater in the sediments [15].

The diagenetic sequence of the Samana Suk Formation Involves four settings: marine,
mixed marine-meteoric, burial, and uplifting [64]. Micritization occurred during early
marine diagenesis, influenced by endolithic algal borings [62,79]. Micritization varies
across horizons, with extensive micritization in mudstones. Ooids and bioclasts show
radial micritization patterns. Dolomitization likely happened in mixed marine-meteoric
water. Calcitization of dolomite to calcite is common below the sequence boundary. Early
dissolution of aragonite skeletal debris is observed, and moldic pores are filled with isopa-
chous bladed and blocky cements. Pressure-solution diagenesis, driven by gravity and
tectonic stress, leads to chemical compaction, microstylolite development, and concentra-
tion of dolomite and quartz along seams. Burial diagenesis is marked by fractures, grain
distortion, stylolites, and cementation. Dissolution and cementation occur during both
initial deposition and subsequent uplift [80].

Sequence stratigraphy is crucial for understanding the deposition and pore devel-
opment in carbonates and is essential for reservoir evaluation. Carbonates are more sus-
ceptible to sequential changes compared to siliciclastics due to their unstable mineralogy,
making even small sea-level fluctuations capable of altering pore-water chemistry and pore
types [20]. The Samana Suk Formation consists of three depositional settings: open marine,
lagoon, and beach. Shah [34] suggested that the formation was deposited around 10 million
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years ago (170–160 Ma) based on biostratigraphic evidence. The presence of different facies
at varying depths within the vertical stratigraphic column indicates sea-level fluctuations
and the occurrence of both deeper and shallower environments. Additionally, the formation
exhibits HST and TST, which were marked based on microfacies and field evidence. The
formation comprises calm lagoonal deposits, including Mudstone, Dolo-Mudstone, and
Bioclastic Mud-Wackestone microfacies, indicating a sea-level lowstand during HST. A
transition to retrogradational Mudstone deposition signifies the onset of TST.

6. Conclusions

This study conducted a detailed analysis of the sedimentology, diagenesis, and se-
quence stratigraphy of the Middle Jurassic Samana Suk Formation in the Hazara Basin of
northern Pakistan. Two sections, Mera Rehmat and Por Miana, were specifically studied
to unravel the complex geological processes within the formation. The examination of
microfacies in the studied sections identified nine distinct depositional textures, ranging
from mudstone to wackestone, packstone, and grainstone. These variations indicate the
presence of different inner ramp environments, including open marine, lagoon, and coastal
settings. Petrographic investigations provided insights into the diagenetic processes that
have affected the formation. The identified diagenetic processes include micritization,
cementation, dissolution, compaction, neomorphism, and dolomitization. Six different
cementation types were identified, and the patterns of dolomitization varied, particularly
highlighting lagoonal environments and mudstone replacement. This study also conducted
a stratigraphic sequence analysis, which revealed interesting patterns within the Samana
Suk Formation. The high-stand system tract was characterized by mudstones, pelloidal
grainstones, and dolomitized mudstones, indicating periods of high sea level. On the other
hand, the transgressive system tract displayed ooidal grainstones, pelloidal packstones,
and pel-bioclastic grainstones, representing transgression and inundation of previously
exposed areas. One significant finding of this study was the impact of diagenesis on reser-
voir quality parameters, specifically porosity, and permeability. The various diagenetic
processes, cementation types, and dolomitization patterns significantly altered the pore
network within the formation. This highlights the importance of considering diagenesis
when assessing the Samana Suk Formation as a potential hydrocarbon reservoir. Overall,
this research provides a comprehensive understanding of the sedimentology, diagenesis,
and sequence stratigraphy of the Middle Jurassic Samana Suk Formation. The findings
contribute to our knowledge of similar carbonate reservoirs globally and can enhance
the exploration and development of hydrocarbon resources in comparable depositional
environments. The results presented in this study are precise, coherent, consistent, and
clear, providing valuable insights into the geological processes within the formation.
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Abstract: The Paleo-Asian Ocean controlled the tectonic evolution of Northeast Asia and formed
the Karamaili Orogenic Belt in the eastern Junggar basin. However, the chronological constrain of
the evolution of the paleo-Karamaili Ocean remains unclear. In this study, we focused on the sand-
stones of the Lower Jurassic Badaowan and Sangonghe Formations in the Dongdaohaizi Depression,
Junggar basin near the Karamaili orogenic belt. After detailed observations and descriptions of the
macroscopic features of the sandstone, we obtained information on petrology and geochronology.
The Dickinson diagrams indicate that the provenance area had the characteristics of a transitional and
recycling provenance, which is a collisional orogenic belt with a background of oceanic-continental
subduction. The detrital zircon ages of the Lower Jurassic sediments in the Dongdaohaizi Depression
can be divided into three peaks: ~300 Ma, ~420 Ma, and ~510 Ma for Badaowan Formation and
~310 Ma, ~410 Ma, and ~500 Ma for Sangonghe Formation. The youngest detrital zircon age is
241 ± 2 Ma, representing an Early Permian depositional age. Combined with previous studies, the
sediments in the study area represent a provenance from the Karamaili Ocean. During the Early
Jurassic, the consistent subduction of the residual East Junggar Ocean induced continuous uplift
in the Karamaili region, resulting in an increasing exposure of deep-seated rocks to provide sedi-
mentary material. According to the tectonic background of the Junggar region, the results indicate
that the Karamaili Ocean, as part of the Paleo-Asian Ocean, experienced three evolutionary stages:
Cambrian-Early Silurian (460–540 Ma), Late Silurian-Early Carboniferous (360–440 Ma), and Late
Carboniferous–Triassic (240–340 Ma).

Keywords: provenance; detrital zircon; Junggar basin; Karamaili Ocean; Early Jurassic

1. Introduction

The evolution of the Paleo-Asian Ocean between the Siberian Plate and the Amur-North
China and Tarim Plates controlled the growth and transformation of the northeastern
Asian continent, forming the significant continental orogenic belt known as the Central
Asian Orogenic Belt (Figure 1a) [1–5]. The Paleo-Asian Ocean underwent multiple stages
of tectonic evolution, involving periods from the Precambrian to the Mesozoic, and has
always been the focus of scholars’ attention [6–10].
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Figure 1. (a–c) Geological map of Eurosia Plate, Junggar Basin, and Dongdaohaizi area, respec-
tively. (d) Chronostratigraphy and lithology section of Lower Jurassic in Dongdaohaizi Depression.
Abbreviations: J1b = Lower Jurassic Badaowan Formation, J1s = Lower Jurassic Sangonghe Formation.

The Karamaili Ocean is located between the Kazakhstan-Junggar and Siberian plates
and is an important branch of the Paleo-Asian Ocean. Its subduction represents the
subduction, collision, and accretion of the Junggar-Tairm block onto the Siberian plate,
forming the Karamaili tectonic belt in the eastern Junggar area (Figure 1b) [6,7,11–14].
Investigating the evolutionary history of the Karamaili Ocean provides valuable insights
into the broader evolution of the Paleo-Asian Ocean.

Previous studies on the Karamaili Ocean are mainly based on the outcrops of the
eastern Junggar orogenic belt. The outcrops are limited, dispersed, heavily fragmented,
and subjected to significant metamorphism and deformation by the intense tectonic activity
of the orogenic belt, resulting in highly disputed chronological constraints for the evolution
of the Karamaili Ocean. For example, the duration and the timing of the final closure
of the Karamaili Ocean have been a topic of debate in the geological community due to
the varying ages reported by different methods and data sources, ranging from the Late
Devonian to the Late Permian. Some studies have employed geochronological data to
suggest a Late Carboniferous or Early Permian closure of the Karamaili Ocean, based on the
ages of ophiolites, arc magmatism, and collisional granites along the suture zone [15–17].
In other studies, paleomagnetic data have been utilized in some studies to support a Late
Devonian or Early Carboniferous closure of the Karamaili Ocean, citing the similarity of
paleolatitudes between Siberia and Tarim [18–20]. Therefore, more reliable data reflecting
the overall evolutionary development of the ocean basin are needed.

The subduction of the ocean basin transported a large amount of ocean basin volcanic
and clastic material from the ocean-land boundary to the basin through the source-sink
system [21]. By comparing the properties of sediments in the stable continental basin nearest
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to the margin where the ocean basin closed, we can obtain a complete understanding of the
transformation history of the ocean.

The Junggar Basin was formed by the assemblage of volcanic island arcs and accre-
tionary wedges and was a stable basin with a Paleozoic basement in the early Jurassic. The
Dongdaohaizi Depression is located in the eastern part of the Junggar Basin, adjacent to
the orogenic belt of eastern Junggar, and has incorporated a large amount of sediment from
the ancient ocean during the basin-margin orogeny (Figure 1b,c). According to a recent
study [22], a large number of shallow braided rivers developed in the basin during the
Early to Middle Jurassic, with sediment from the basin margin being transported more
than 200 km, effectively ensuring the breadth and volume of the sediment supply.

Currently, quantitative analysis has become the main direction of provenance anal-
ysis. Through U-Pb isotopic dating analysis of characteristic minerals such as zircons,
geological activities of the source region for the clastic sediments present in the Dong-
daohaizi depression can be examined [23]. Therefore, this study takes the deep-drilling
cores of the Lower Jurassic Badaowan Formation and Sangonghe Formation sandstones
in the Dongdaohaizi Depression as the research object. Based on the study of petrological
characteristics in combination with the LA-ICP-MS detrital zircon U-Pb geochronological
study, the age characteristics of the Badaowan and Sangonghe formations were determined,
and the provenance characteristics and the evolution of the Karamaili Ocean were further
revealed accordingly.

2. Geological Setting and Sampling

The Junggar Basin is located in the northern part of Xinjiang, China, at the intersection
of the Kazakhstan Plate, Siberian Plate, and Tarim Plate, and is the eastward extension
of the Kazakhstan Plate (Figure 1a,b) [24,25]. The basin is generally wider in the south
and narrower in the north and has a triangular distribution, consisting of the primary
tectonic units of the Ulungur Depression, Luliang Uplift, Central Depression, eastern Uplift,
western Uplift, and Southern Margin Thrust Belt. The Dongdaohaizi Depression belongs to
the secondary tectonic unit of the central depression of the Junggar Basin. The study area is
located in the middle of the Dongdaohaizi Depression, with the Mosuowan Uplift to the
west, the Baijiahai Uplift to the east, and the Fukang Depression to the south (Figure 1c).
The Dongdaohaizi Depression was formed in the early stage of the Hercynian period
and developed a large set of marine shales and marls with widespread distribution of
calc-alkaline volcanic rocks. Strong earthquake and volcanic activity, accompanied by
faulting, occurred in the Early Carboniferous to Early Permian, providing the basis for the
internal structure of the central depression [26]. The structures in the study area mainly
developed in the Devonian basement. The basement is then covered with a huge thickness
of Mesozoic (>5000 m) and Cenozoic (>3000 m) rocks. the tectonic movements during the
Late Hercynian and Yanshanian played a decisive role in the structural deformation of the
study area [27]. Interlayer faults trending nearly northeast, dominated by normal faults
with a short horizontal extension developed during the Jurassic.

The Jurassic strata in the Dongdaohaizi Depression include the Badaowan Formation,
Sangonghe Formation, Xishanyao Formation, and Toutunhe Formation, while the Qigu
Formation is not developed in this area. Among them, the Badaowan Formation, Sangonghe
Formation, and Xishanyao Formation include coal-bearing strata. The Xishanyao Formation
is mainly composed of fluvial deposits, with sandstone thickness accounting for 50%
of the stratum thickness. The maximum thickness of a single layer is 14 m, and the
general thickness ranges from 2 m to 8 m, with significant lateral thickness variations. The
Toutunhe Formation is dominated by continental (lake-swamp) deposits and is composed
of sandstone, red and gray sandy mudstone in ascending order.

The Lower Jurassic Badaowan Formation and Sangonghe Formation are the target
intervals of this study in the Dongdaohaizi Sag area (Figure 1d). The Badaowan Formation
is primarily composed of fluvial and deltaic deposits. Sandstone beds account for 45% of
the formation thickness, with a maximum single-layer thickness of 30 m and a general
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thickness range of 4 m to 22 m. The Badaowan Formation exhibits distinct cyclicity, with
a coarse-fine-coarse sequence from bottom to top. The lithological assemblage consists
mainly of conglomerate, sandstone, mudstone, and coal seams. In the Early Jurassic, the
Indosinian movement, caused by the collision of eastern Asia blocks, led to the formation
of the Sikezhuang Sag, resulting in a regional angular unconformity between the Jurassic
and Triassic strata. The sedimentary center during the deposition of the Lower Jurassic
Badaowan Formation was located in the Changji Sag and the Penyijingxi Sag, with a
maximum thickness of 1200 m. The lithology of the formation can be divided into two
parts: the upper part is composed of interbedded mud and sand, and the middle and lower
parts are composed of gray-green or gray-black mudstone interbedded with conglomerate
or pebbly sandstone. The Badaowan Formation is the first major coal-bearing formation
developed in the Junggar Basin and also constitutes the first major hydrocarbon source
rock and reservoir in the basin. The first and third members of the Badaowan Formation
are mainly sandstone, while the second member is mainly mudstone.

The Sangonghe Formation is primarily composed of gray sandstone, fine-grained
sandstone, and mudstone containing siltstone, with tuff and quartz as the dominant
sandstone, followed by feldspar, with small amounts of illite and smectite minerals. The
sandstones exhibit moderate-to-well sorting and sub-angular to sub-rounded grains, and
the mudstone-calcium mudstone facies shows a matrix-supported texture. The sandstone
layers account for 37% of the formation thickness, with a maximum single-layer thickness
of 14 m and a general thickness range of 2 m to 10 m. The sedimentary environment
is primarily deltaic deposits, and it is similar to the sedimentary area of the Badaowan
Formation. The sedimentary center was located in the central Junggar Basin, and the
sedimentary thickness was also approximately 1200 m. The lithology of the formation can
be divided into two parts: the middle and upper members are interbedded sand-mudstone,
and the lower member is composed of medium-grained conglomerate and sandstone rocks,
forming the main hydrocarbon source rock and reservoir Jurassic in the Junggar Basin.

In this study, 60 samples were collected from lower Jurassic Badaowan and Sangonghe
Formations for petrological and whole-rock analysis (Figure 1d, blue bars; Table S1). Sam-
ples C1-1 to C1-10 were collected from Badaowan Formation upper member sandstones
at well C1; samples C3-1 to C10 were collected from Badaowan Formation middle mem-
ber fine sandstones at well C3; samples C3-11 to C3-20 were collected from Badaowan
Formation lower member sandstones at well C3; samples C1-11 to C1-20 were collected
from Sangonghe Formation middle member upper sub-member sandstones at well C1;
samples C1-21 to C30 were collected from Sangonghe Formation middle member lower
sub-member sandstones at well C1; samples C1-31 to C40 were collected from Sangonghe
Formation lower member sandstones at well C1. In addition, samples C1NL and C3NL
were collected from Sangonghe Formation middle member upper sub-member sandstones
at well C1 and Badaowan Formation lower member sandstones at well C3 for detrital
zircon U-Pb dating (Figure 1d, red bars; Table S2).

3. Petrology and Methods

3.1. Petrologic Characteristics

Samples from Badaowan and Sangonghe formations are mainly medium-fine sand-
stones (Figures 1d and 2a). The detrital components of the formations are mainly composed
of quartz, feldspar, and lithic fragments. The sandstone structures are well-developed,
with sub-angular to sub-rounded grains and moderate sorting. The types of cement are
diverse, with mudstone being the dominant matrix, while calcite is the main cement
mineral, with occasional occurrences of dolomite. The primary mode of cementation is
compactional cementation.
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Figure 2. (a) Representative photograph of sandstone samples from Badaowan Forma-
tion (a1–a3) and Sangonghe Formation (a4–a6), respectively. Cross-polarized light pho-
tomicrograph of sandstone samples from Badaowan Formation (b1–b9) and Sangonghe
Formation (c1–c6), respectively. Q = quartz, Qp = polycrystalline quartz; Pl = plagioclase,
Mc = microcline, Lv = volcanic rock fragments, g = granite clasts, Lmp = quartz-mica schist clasts,
Lmm = slate clasts, Pth = perthitic feldspar.
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Based on mineralogical analyses of slices of the Badaowan and Sangonghe Formations,
the components and their proportions are summarized in Table S1. The compositional
features of the detrital rocks in the study area were analyzed in conjunction with obser-
vations of the samples and slices. The samples are mainly grey, feldspathic litharenite
with a fine to medium grain size and blocky structure (Figure 2(a1–a3)). Quartz is one of
the main detrital components in the sandstones of the study area, with a content range
of 40% to 60%. It is well-rounded and mature, with angular to sub-angular shapes being
common (Figure 2(b1)). Single crystal and polycrystalline quartz grains are also present
(Figure 2(b2)), with some exhibiting undulose extinction. Feldspar content ranges from 12%
to 20%, with sub-angular shapes being common. Plagioclase and potassium feldspar are the
main types of feldspar present, with widespread alteration and a dirty appearance. Sericite
and kaolinite are also abundant, with polysynthetic twins visible in some plagioclase grains
(Figure 2(b3)) and grid twinning visible in some microcline grains (Figure 2(b4)). The
lithic fragment content is typically 30% to 40%, with volcanic lithic fragments being the
most common, especially tuffaceous lithic fragments. Sedimentary and metamorphic lithic
fragments are less common, with occasional occurrences of mudstone, shale, quartzite, and
phyllite lithic fragments (Figure 2(b5–b9)). Tuffaceous lithic fragments are composed of
angular to sub-angular feldspar and quartz crystals with varying degrees of devitrification.
Chert lithic fragments are mainly composed of microcrystalline or cryptocrystalline quartz.
Phyllite lithic fragments are mainly composed of sericite, with a schistose texture and
phyllitic structure.

The lithological and mineralogical characteristics of the Sangonghe Formation in the
study area were summarized and analyzed based on the thin section data (Table S1). Mi-
croscopic observations reveal that the Sangonghe Formation is predominantly composed
of plagioclase-rich lithic sandstone, lithic sandstone, and minor plagioclase-lithic sand-
stone. The lithic fragments are dominated by igneous and metamorphic rocks, and exhibit
medium to fine grain size and blocky texture. Quartz, which accounts for 30% to 50% of
the Sangonghe Formation, shows angular to sub-angular shapes with straight to concave-
convex contacts, and some quartz grains exhibit secondary enlargement (Figure 2(c1)),
undulose extinction, and embayment structures, indicating their derivation from igneous
rocks (Figure 2(c2,c3)). Feldspar fragments, including plagioclase, striped feldspar, and
potassium feldspar, exhibit dirty surfaces and widespread alteration, with intense sericiti-
zation and clay mineralization (Figure 2(c3)).

The lithic components of the Sangonghe Formation sandstones are predominantly
composed of igneous and metamorphic rocks, indicating a low compositional maturity and
a short transport distance, which suggests a control from the eastern Karamaili Mountain
provenance. Some samples mainly consist of lithic sandstone, with igneous rock lithic
fragments as the main component and low compositional maturity, indicating a short
transport distance and control from the eastern Karamaili Mountain provenance. Micro-
scopic observations also reveal abundant tuffaceous lithic fragments and a small amount
of basaltic lithic fragments in the Sangonghe Formation (Figure 2(c5,c6)). Overall, the
Sangonghe Formation samples have a lower lithic content and tuffaceous lithic content
than the Badaowan Formation and exhibit higher porosity.

3.2. Methods
3.2.1. Zircon U-Pb Dating

Samples C1NL (~2 kg) and C3NL (~2.5 kg) were collected, and samples with relatively
uniform color and lithology were selected. These samples were sent to Chengxin Geological
Services Company in Langfang, Hebei for zircon separation to obtain sufficient zircons for
testing and analysis. The zircons were made into targets at Beijing Zirconia Navigation
Technology Co., Ltd., Beijing, China. The zircon samples were then subjected to transmitted
and reflected light and Cathodoluminescence (CL) photography to observe their structure.
The choice of CL images for the analysis is the Chromal CL 2 cathodoluminescence probe,
which is configured on the JEOL JSM-6510A scanning electron microscope. The analysis
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conditions are as follows: acceleration voltage of 10 kV, beam current of SS65, and a working
distance of 14 mm. These experiments were worked out at the Experimental Center of the
School of Earth Sciences, Yangtze University.

The zircon U-Pb isotopic dating analysis was conducted at the Experimental Center of
the School of Earth Sciences, Yangtze University. The NWR193HE laser ablation system
(Elemental Scientific Lasers LLC, Bozeman, MT, USA) produced by ESI in the United States
was used. The isotope ratios and element contents of the samples were calculated using
the GLITTER program (ver4.0, Macquarie University), and the common Pb correction was
performed using the method developed by Andersen [28].

Due to the presence of a large amount of radiogenic Pb in some zircons, the 207Pb/206Pb
surface age was used for detrital zircons with U-Pb ages greater than 1000 Ma, while the
206Pb/238U surface age was used for zircons with U-Pb ages less than 1000 Ma [29,30].
The age-weighted average and age concordia diagram were calculated using the Isoplot
program [31]. The standard deviation of single measurements of zircon U-Th-Pb isotope
ratios and age data was 2σ, and the weighted average age was calculated using 2σ.

3.2.2. Whole-Rock Analysis

The composition of rock fragments is a direct expression of the combination of rock
types and properties of source rocks. Microscopic analysis of the rock fragment composition
in a study area can, to a certain extent, match the composition of the detrital material
from the source rocks. The Dickinson triangle diagram is a widely used method for
source rock discrimination studies, which can determine the properties of the source
rocks and their tectonic background by analyzing the sandstone fragment composition,
including the content of quartz, feldspar, and lithic fragments. In this study, we analyzed
the component characteristics of the detrital rock samples from the study area by using the
Dickinson triangle diagram based on the statistical analysis of the detrital zircon particles
in the samples.

Fine-grained, medium-coarse-grained, and coarse-grained sandstone samples were
selected from the specimens, and the weathered surface layer was removed first. The
fresh rock portions were then made into thin rock sections. The square mesh intersec-
tion method was used to statistically count the detrital particles [32], and the statistical
method of Gazzi-Dickinson was referenced [33,34]. The ternary provenance diagram in
the Gazzi-Dickinson method aims to determine the provenance of the clastic material
in analyzed sandstones. Provenance diagrams show percentage ratios of monomineral
quartz, feldspar, and lithic fragments in each analyzed sample. Based on their composition,
samples are plotted in different provenance areas. To ensure the accuracy of the results,
samples with a matrix volume fraction greater than 25% were excluded from the statistical
and plotting analyses, and the average particle size of the sandstone samples included in
the statistics and plot analysis was limited to between medium-coarse-grained (including
conglomerate) and arithmetic particle size 0.2–2 mm. The rock samples were used only
for reference, and statistical errors due to the influence of detrital particle size on mineral
composition properties were minimized as much as possible. A total of 300–400 statistical
points were used for each thin section, and the caliper was used to control the spacing
during the counting process. The grid spacing was twice the average particle size. In
other words, a particle point was counted every time the caliper was moved along the
same measurement line by a distance of twice the average particle size. After counting
one line, the caliper was moved vertically by a distance of twice the average particle size,
and the second line was counted, and so on. The counted detrital particle types included
single-crystal quartz, polycrystalline quartz, plagioclase, potassium feldspar, sedimentary
rock debris, metamorphic rock debris, volcanic rock debris, and secondary mineral particles
such as mica, hornblende, and epidote. The specific types of detrital particles and their
modal contents are shown in Table 1.
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Table 1. Detrital particle compositions and calculation of detrital particles.

Detrital Particle Composition Calculation of Detrital Particles

Q = Qm + Qp = total quartz
Qm = monocrystalline quartz
Qp = poly-crystalline quartz

QFL%Q = 100 × Q/(Q + F + L)
QFL%F = 100 × F/Q + F + L)
QFL%L = 100 × L/(Q + F + L)

QmFLt%Qm = 100 × Qm/(Qm + F + Lt)

F = total feldspar

Lt = L + Qp = total lithic content
L = Ls + Lm + Lv = total unstable lithic fragments

Ls = sedimentary lithic fragments
Lm = metamorphic lithic fragments

Lv = volcanic lithic fragments
Note: Q = total monocrystalline (Qm) and polycrystalline (Qp) quartz grains; F = total potassium feldspar (K) and
plagioclase (P) grains; L = aphanitic unstable lithic grains, including sedimentary (Ls), metamorphic (Lm) and
volcanic (Lv) fragments.

4. Results

4.1. Badaowan Formation

The zircon morphology of the sandstone from the Badaowan Formation is mainly
short columnar and irregular grains, with a grain size ranging mostly from 70 to 180 μm
and an average size of 126 μm. Most of the zircons are angular, but some are well-rounded,
suggesting that they may have been transported over a long distance. Cathodoluminescence
(CL) images of the zircons from the Badaowan Formation reveal that most zircons have
weak luminescence and typical oscillatory zoning features, indicating that they are mainly
magmatic zircons (Figure 3a). The Th/U values of the zircons are generally greater than
0.4, with a range of 0.4–1.6. Zircons with a Th/U ratio greater than 0.4 accounts for
approximately 90% of the zircons (Table S2), reflecting their magmatic origin. However, a
few zircons exhibit strong cathodoluminescence intensity without zoning or with weak or
patchy zoning (Figure 3a), indicating that they are metamorphic zircons. A small number
of zircons also have Th/U values less than 0.1, reflecting their metamorphic origin, while
others have Th/U values between 0.1 and 0.4 (Table S2).

The valid zircon U-Pb ages from Badaowan Formation are mainly at a range of
200–600 Ma, with a concordance of more than 94% (Figure 4a). Detrital zircon ages display
three prominent peaks on the U-Pb age spectrum: 280–330 Ma, 400–440 Ma, and 490–520 Ma
(Figure 4b), with a minimum age of 241 ± 2 Ma and a maximum age of 1992 ± 17 Ma
(Figure 4a and Table S2). The detrital zircons are mainly derived from the Permian and
Devonian, followed by the Cambrian, Carboniferous, and Silurian, with a few Triassic and
Proterozoic zircons.

The sandstones from the Badaowan Formation are concentrated in a relatively narrow
area. The QmFLt ternary diagram shows that the samples are mainly distributed in the
transitional and back-arc source regions, with a few falling on the edges of the accretionary
orogenic and transitional arcs, indicating that the source region contains a large number
of volcanic rocks and intermediate to acidic intrusive rocks (Figure 5a). On the QtFL
ternary diagram, the samples are mainly distributed in the recycled orogenic source region,
with a larger proportion of oceanic material and a center of gravity that leans towards
oceanic material, indicating that the source region is a collisional suture or fold-thrust belt
(Figure 5b). The QmFLt auxiliary diagram indicates that the provenance area is basically a
recycled orogenic belt, and the high chert-to-quartz ratio indicates that the provenance area
belongs to the collision suture zone or fold-thrust zone (Figure 5c). The QpLvLs ternary
diagram suggests that the sandstone samples are almost all from the collisional suture zone
and fold-thrust belt source region, based on the high ratio of quartz to feldspar (Figure 5d).
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Figure 3. (a,b) Representative detrital zircons of Badaowan and Sangonghe Formation sam-
ples, respectively.

 
Figure 4. (a,b) Concordia diagram showing zircon LA-ICPMS U-Pb dating results and histogram
of the detrital zircon ages for Badaowan Formation, respectively. (c,d) Concordia diagram showing
zircon LA-ICPMS U-Pb dating results and histogram of the detrital zircon ages for Sangonghe
Formation, respectively. Data are shown in Table S2.
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Figure 5. The (a) Qm-F-Lt, (b) Qt-F-L, (c) Qm-F-Lt and (d) Qp-Lv-Ls ternary plots of relative propor-
tions of framework-grain compositions for sandstones from Badaowan and Sangonghe Formations
in Dongdaohaizi Depression. The data and abbreviations are shown in Table S1.

4.2. Sangonghe Formation

The zircon morphology of the sandstones from the Sangonghe Formation is mainly
short-columnar and irregular-granular, with some zircons showing good rounding and
indicating long-distance transportation (Figure 3b). The average grain size is 120 μm, and
the majority of zircons exhibit typical oscillatory zoning, suggesting magmatic origin with
a Th/U ratio greater than 0.4. The Th/U ratio of zircons from the Sangonghe Formation
ranges from 0.4 to 1.8, with about 90% of zircons having a ratio greater than 0.4 (Table S2).
A small number of metamorphic zircons is also present with a Th/U ratio generally less
than 0.1. From the CL images of zircons, it is evident that magmatic zircons exhibit weak
cathodoluminescence intensity and typical oscillatory zoning, while metamorphic zircons
generally show strong cathodoluminescence intensity with no or weak zoning (Figure 3b).

The valid zircon U-Pb ages range mainly from 200 to 600 Ma, with the youngest age
being 270 ± 3 Ma and the oldest age being 2565 ± 18 Ma (Figure 4c and Table S2). The
concordance of the zircon U-Pb ages is over 93% (Figure 4c). The detrital zircons from
the second segment of the Sangonghe Formation are mainly distributed in three intervals,
280–350 Ma (Artinskian–Tournaisian), 380–430 Ma (Givetian–Homerian), and 460–520 Ma
(Darrtwilian–Fortunian) (Figure 4d), with the Carboniferous being the main source and
followed by the Permian and Devonian. A small number of zircons from the Cambrian,
Ordovician, Silurian, and Precambrian are also present.

The QmFLt composition from the Sangonghe Formation sandstones is mainly dis-
tributed in the transitional and back-arc provenance areas, as well as the adjacent cutting
island arc and transitional island arc margins, indicating a complex provenance with
multiple episodes of tectonic activity (Figure 5a). Based on the QmFLt ternary diagram,
the provenance of the sandstones is mainly from the retro-arc orogen, indicating that the
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source area is a volcanic and intermediate intrusive rock-dominated island arc (Figure 5b).
According to the QtFL ternary diagram, the samples are mainly distributed in the recycled
orogen provenance area, with a large proportion of oceanic source material, suggesting an
oceanic subduction background with some mixed provenance characteristics (Figure 5c).
From the QpLvLs ternary diagram, the sandstone samples are almost exclusively located
in the collisional suture and fold-thrust belt provenance areas, with only a few showing
mixed orogenic characteristics (Figure 5d).

5. Discussion

5.1. Provenances of the Dongdaohaizi Depression in Lower Jurassic

Zircon distribution in basin sediments is widespread and has strong stability, which
can preserve a large amount of source information. CL images of detrital zircon can clearly
reveal information such as internal belts and metamorphic growth, which is beneficial
for analyzing the genesis of the parent rock. Combined with zircon U-Pb ages, it can
accurately indicate the geological age of the parent rock, and improve the precision of
comparison [35–38]. The age combination of zircon in sand bodies supplied by the same
provenance must be the same, while there are obvious differences in the age combination
of zircon in sand bodies supplied by different provenances. By analyzing the U-Pb ages of
detrital zircon in the Badaowan Formation of the study area and determining the genesis
of zircon using CL images, the age of the parent rock can be determined, and by comparing
with the provenance system, the material source of the sediment can be clarified.

The potential source area of the study area mainly includes the orogenic belts sur-
rounding the basin, such as the eastern Karamaili Mountain, the western Zayir Mountain,
and the southern Bogda Mountain. Overall, the zircon ages in the potential source area
are mainly concentrated in the range of 200–600 Ma. Among them, the age ranges of
the intermediate acidic-acidic eruptive rock, volcanoclastic rock, amphibolite, and other
rocks in the Karamaili area include 250–300, 350–380, 400–413, and 475–520, respectively.
Additionally, ages 300–350, 388–420, and 485–510 were obtained from rock samples of the
Ophiolite belt: basalt, diabase, and gabbro [39–41]. In the Lower Jurassic clastic zircon U-Pb
age spectrum of the Dongdaohaizi Depression in this study, three peaks were observed:
280–340 Ma, 400–430 Ma, and 480–520 Ma (Figure 4), which have similar peak intervals
with the clastic zircon U-Pb ages in the Karamaili area. It especially contains a peak with
high similarity to Karamaili at ~500 Ma, while the Zayir Mountain and the western section
of Bogda Mountain do not have this peak age, indicating significant differences. In addition,
the Bogda Mountain had not completely uplifted in the Early Jurassic, so the possibility
of the Bogda Mountain supplying sources to the study area can be excluded [37,39–44].
Therefore, it is likely that the sediments in the study area represent material brought in by
the closure of the Karamaili Ocean.

Additionally, the ternary diagram of the Lower Jurassic sandstones in the Dongdao-
haizi Depression shows that the primary source background is composed of transitional
reworked orogenic belts, which are consistent with the tectonic background of the Kara-
maili area (Figure 5). This reflects the processes of island arc collision accompanied by
folding and thrusting at the plate margin. Previous studies have found that the Carbonifer-
ous was affected by the evolution of the Paleotethys tectonic domain, and the basement
was formed by the accretion of volcanic island arcs [45–47]. The most important island
arc belt is the Karakorum–Altai–Darbute belt [48,49]. However, the Luliang uplift was a
continuous burial background during the Jurassic period and was not a source. The most
recent source is the Karakorum-Altai region, so it is the Karakorum-Altai provenance. In
addition, the rock debris is mainly composed of volcanic rock debris, and there is a large
number of tuffaceous debris, while the proportion of sedimentary and metamorphic rock
debris is relatively small, indicating that the main source of the basin-margin Karakorum
orogeny is volcanic rocks. Previous studies of sedimentary features and ancient rivers in
the northwest indicate that they have shallow-water traction flow characteristics and the
ability to transport over long distances [22]. Therefore, we believe that the Lower Jurassic in
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the Dongdaohaizi Depression received a large amount of Karamaili provenance sediment
from the eastern margin of the Junggar basin, which can be used to study the evolutionary
process of the Karamaili Ocean.

Based on the ages of sandstone detrital zircons from the Badaowan Formation to the
Sangonghe Formation, the three main peaks of zircon age spectra are consistent between
them and exhibit a characteristic age range of 490–520 Ma, which is similar to the mother
rocks from Karamaili region. Therefore, the study area in the Lower Jurassic is mainly
supplied with sediment from a stable source region in the Karamaili Orogenic Belt. It
is worth noting that among the zircon ages of the Badaowan Formation, 36 zircons are
from the Permian period, accounting for 36% of the total, while 24 zircons are from the
Carboniferous period, accounting for 24% of the total (Table S2). The zircon results of the
Sangonghe Formation show that 18 zircons are from the Permian period, accounting for
18% of the total, while 50 zircons are from the Carboniferous period, accounting for 50% of
the total (Table S2). From the early to late Jurassic, the Permian zircons decreased, while the
Carboniferous zircons increased significantly, indicating a trend of younger to older ages in
the stratigraphic sequence and suggesting that older rocks from the deeper source region
have continued to erode and expose over time. In addition, the sedimentary sequence fines
upwards during the lower Jurassic, which may indicate an increasing distance of sources
from sediment to the basin caused by basin extension.

Based on the Dickinson provenance analysis, it is suggested that the source area of
the Kelamayi Mountains during the Lower Jurassic was subjected to a background of
collisional sutures and folding-thrusting, indicating a continuous compression and uplift
environment. In previous traditional geological studies in the eastern Junggar Basin, based
on methods such as the tectonic stratigraphic layering [50], the changing of sedimentary
cycles and migration of sedimentary centers [51,52], and the planar changes of sedimentary
facies [53], it was determined that the Early Jurassic was a stage of intra-cratonic sagging.
By analyzing the original basin properties through the geometric characteristics of the
tectonic structure profile, it was considered that the basin was a sag-type basin caused
by peripheral squeezing [48,54–56]. From the burial history of the basin, geochemical
analysis, and field geological profile observations, it was suggested that the basin was
an intracratonic sag basin [57,58]. Although there are still discrepancies in the evidence
obtained in some areas, overall, the Early Jurassic Junggar Basin was a stage of compression
and sagging under the control of the Yanshanian movement caused by the closure of the
Okhotsk Ocean during the Jurassic–Cretaceous.

In the Zhantenggou area of the eastern Junggar Basin, the unconformable contact be-
tween the Jurassic Badaowan Formation and the Triassic Xiaoquangou Group (J1b/T2-3xq)
was discovered, indicating a significant tectonic uplift event during the Late Triassic to
Early Jurassic with clear regional tectonic background and geological responses such as
folding and faulting, representing the continuous tectonic uplift and erosion of the eastern
Junggar orogenic belt [59]. The tectonic uplift event during the Late Triassic to Early Jurassic
(210 to 180 Ma) was identified through in-situ apatite fission track analysis [60]. Similarly,
the tectonic uplift event during the Middle Triassic to Early Jurassic (240 to 180 Ma) was
recognized through seismic profiles combined with apatite fission track data analysis [61].
The evidence above indicates the continuous tectonic uplift and erosion of the eastern
Junggar orogenic belt. The continuous tectonic uplift resulted in the continuous exposure
of deeper strata in the source area, and older rock debris was transported to the study area.

During the late Triassic to early Jurassic, the grid-like tectonic pattern of the sedimen-
tary layers was filled in and the basin began to contract under the influence of the Indone-
sian movement, leading to a shrinking lacustrine basin and distribution of swamps [48,62].
In the late Early Jurassic, the basin base subsided again, the lacus expanded, and coal seams
developed in the shallow lacus and swamp sedimentary environment of the basin. In the
early Middle to Late Jurassic, the mountain-building activity began to resume, and the
peripheral thrust belts oscillated back and forth and thrust into the basin, causing the basin
to shrink inward and resulting in large-scale peat swamp sedimentation throughout the
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basin. Based on field outcrop and core observations, various facies markers were identified,
and it was found that braid-deltaic plains and frontiers with a large number of branching
river channels developed from the Karamaili area of East Junggar to the study area [63–65].
Under this environment, the river channels continuously eroded and destroyed the moun-
tains, causing the drainage area to increase and older layers to be exposed and transported
into the study area.

5.2. Tectonic Implications

The analysis results show that all the sample points in the QFL diagram fall into the
area of the retro-orogenic belt (Figure 5), and the samples are biased toward the continental
source area. Meanwhile, the low content of plagioclase and the high content of quartz
(including chert) in the clastic rocks indicate that their source area mainly comes from
the retro-orogenic belt. In the QmFLt diagram, the samples are mainly distributed in the
source areas of quartz retro-orogenic and transitional retro-orogenic (6-b), which are mostly
close to the magma island arc source area, indicating that the source area contains a large
number of volcanic rocks and intermediate-acid intrusive rocks. Both the QFL and QmFLt
diagrams indicate that the source area is basically a retro-orogenic belt, indicating that
the source area belongs to a collisional suture zone or a fold-thrust belt. Based on the
regional geological background and the location of the sample points, the source area in
the study area is an evolution process of the cut island arc and transitional arc towards the
transitional retro-orogenic belt and the detrital retro-orogenic belt (collisional orogenic belt).
Combining the characteristics of the peak age of zircon, it reflects the process of multiple
oceanic basin extensions, subductions, collisions, and compressional over thrusting in the
Eastern Junggar region.

In this study, zircon grains from 460–540 Ma were used to indicate the timing of
subduction and accretion of the Karamaili Ocean in the late Cambrian to early Ordovician,
with peak magmatism occurring around 520 Ma. In the late Cambrian, the northern branch
of the East Junggar Ocean, the paleo-Karamaili Ocean, subducted and was consumed
during the Devonian, forming the preliminary Karamaili orogenic belt. Some previous
studies also support this conclusion. The age range of 490–520 Ma is unique to the Karamaili
region and is likely derived from the reworked part of the Paleozoic strata [53]. Ophiolites
in the East Junggar Altay area formed in the Cambrian-early Ordovician and include
diorite (489 ± 4 Ma [66])) and gabbro (503 ± 7 Ma and 496 ± 6 Ma [67]). Jian [66] obtained
two SHRIMP U-Pb zircon ages of diorite from the Zhaheba ophiolite in the East Junggar
region, which was 489 ± 4 Ma, and they considered this to be the formation age of the
ophiolite. Fang [68] obtained a peak age of 514 ± 5 Ma for the diorite from the Karamaili
ophiolite in the East Junggar region using LA-ICP-MS zircon U-Pb dating. Combining
the ages of the Zhaheba and Altay ophiolites obtained in previous studies (489 ± 4 Ma
and 503 ± 7 Ma [66,67]), the formation age of the Beitaishan ophiolite was determined to
be 494 ± 3 Ma. QFL diagram analysis results indicate that the samples all fall within the
orogenic belt of reworked strata (Figure 5), with samples tending towards an oceanic source,
while feldspar content is low and quartz (including chert) content is high, indicating that
the Karamaili region is mainly derived from the reworked orogenic belt. It is a mantle
material from oceanic subduction to continental arc with volcanic island arc characteristics,
forming recycled oceanic debris.

The latest zircon dating results from this study constrain the extension and conver-
gence processes of the limited ocean basin of Karamaili Ocean from the Late Silurian to
Early Carboniferous periods to be within 360–440 Ma. Jian [66] obtained two groups of
SHRIMP U-Pb ages of 406 ± 4 Ma from the zircons of gabbros in the Zhahaba ophiolite
complex in eastern Junggar and suggested that the occurrence of this age group repre-
sented a magmatic thermal event. Zhang [69] obtained a zircon age of 409 ± 9 Ma from
the gabbros in Zhahaba, and based on previous research results, they concluded that the
Zhahaba-Almantai region in eastern Junggar contained Middle Ordovician to Early De-
vonian ophiolites, reflecting the background of continuous oceanic subduction. Fang [68]
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studied the formation age of the Karamaili ophiolite in eastern Junggar and obtained a
peak zircon age of 406 ± 2 Ma by LA-ICP-MS U-Pb dating of gabbros, which they believed
represented the age of the Karamaili ophiolite formation. Liu [70] also found a younger
group of zircons (412 ± 13 Ma) in the gabbros, which have ages similar to the granite
porphyry intrusions (407 ± 2 Ma) in the nearby basalts. They speculated that these ages
may be related to magmatic thermal events in the island arc area under compression
during the convergence and closure of the Zhahaba-Almantai-North Tashan ocean basin.
The geochemical characteristics of the granite porphyries discovered in the North Tashan
ophiolitic mélange suggest that they may have formed in an island arc area with thickened
crust during the subduction closure of the ocean basin, and therefore, the formation age of
the granite porphyries at 407 ± 2 Ma marks the convergence and closure of the Almantai
ocean basin, entering the collisional tectonic evolution stage from the Late Silurian to Early
Devonian periods. The triangular diagrams reflecting the re-collision orogen indicate that
the source area belongs to a collisional suture zone. The obtained age peak at ~400 Ma is
similar to the results of these studies, reflecting the tectonic events of convergence and clo-
sure from the Late Silurian to Early Devonian periods, followed by the collisional tectonic
evolution stage. During this time, volcanic and magmatic activities were relatively active,
and the volcanic rocks of the island arc were weathered and eroded to form clastic rocks
through nearby transport and accumulation.

The zircon age range of 240–340 Ma indicates the complete disappearance of the
Eastern Junggar Ocean during the late Carboniferous to the Triassic period [71]. The
LA-ICP-MS zircon U-Pb age of the Laoyemiao rhyolite shows that the crystallization
age of the rhyolite is (311.6 ± 3.1) Ma, indicating its formation in the late Carboniferous.
The rhyolite has A-type granite characteristics, with high Ga/Al, Zr, Nb, Ga, Y, and Ce,
low Sr, and a significant negative Eu anomaly. It is classified as an A2-type granite and
formed in a post-collisional environment, marking the complete closure of the basin in
the eastern Junggar area [72]. Detailed petrological, geochemical, zircon U-Pb chronology
and Sr-Nd-Pb isotope composition studies were conducted on the late Carboniferous
bimodal volcanic in the Karamaili orogenic belt in eastern Junggar. The volcanic rocks
were considered to have formed in the early late Carboniferous at 320.2 ± 4.2 Ma. The
bimodal volcanic rocks were produced in a post-collisional tectonic environment, where
the sinking of the oceanic crust caused an upwelling of the asthenosphere, resulting in
partial melting of the overlying mantle, and the intrusion of the lower crust caused partial
melting, leading to the eruption of the bimodal volcanic rocks. The occurrence of the
bimodal volcanic rocks marks the end of the orogenic process in the Karamaili area of
eastern Junggar [73]. The age and petrogeochemistry of the alkaline granite in the Ashudas
area of the northeast margin of eastern Junggar were investigated by SHRIMP zircon U-Pb
dating, indicating a crystallization age of (319.3 ± 2.5) Ma, with typical A-type granite
characteristics. Its formation marked the end of the orogenic phase in the northern margin
of eastern Junggar and the beginning of an intra-plate extensional environment. The
Tawibask granite porphyry has high SiO2, quasi-aluminous-weakly peraluminous, and
calc-alkaline I-type granite characteristics, with weighted average ages of 301.3 ± 2.5 Ma
(MSWD = 0.33) and 310.7 ± 3.6 Ma (MSWD = 0.75), indicating that the late Carboniferous
(310~301 Ma) in the eastern Junggar region was in a post-collisional tectonic setting with
mixed crust-mantle and incremental growth characteristics [74]. The Dickinson triangle
reflects a retro-arc orogenic belt, indicating typical collisional suture and fold-thrust belt
source characteristics, indicating that the Karamaili area of eastern Junggar has entered a
comprehensive and sustained compressive uplift background. This study demonstrates
a peak in the Late Carboniferous to Early Permian, indicating the end of the eastern
Junggar orogeny. During the Jurassic period, the pre-existing multiple sets of volcanic
rock weathering debris and peripheral volcanic debris rocks were uplifted to the surface,
weathered, and eroded again, becoming the source rocks of Jurassic detrital rocks [49,75,76].
In the Jurassic, the closure of the Paleo-Tethys Ocean and the opening of the Neo-Tethys
Ocean affected western China and central Asia, which were in the stage of basin extension
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and faulting. Under this background, the Karamaili area continued to uplift in the Early
Jurassic, developing mountain basins, and providing a large amount of detrital material for
the area [77,78].

In summary, the detrital zircon age spectrum of the Early Jurassic in the Dongdaohaizi
Depression fully reflects the tectonic characteristics of the provenance area in the Karamaili
Mountains region. The ages record the East Junggar Ocean’s extension-collapse cycles
during the Cambrian to Early Silurian; the limited Karamaili Ocean’s subduction and
convergence during the Late Silurian to Early Carboniferous; and the complete disappear-
ance of the Paleo-Asian Ocean during the Late Carboniferous to Triassic. Then the North
Tianshan Ocean basin underwent a transformation from an oceanic basin to a foreland
basin during the convergent and compressive stages of the extension-collapse cycles. This
comprehensive record witnessed the complete evolution process of the Paleo-Asian Ocean
and provides valuable insights into the tectonic evolution of the study area.

6. Conclusions

(1) The sedimentary characteristics of the Lower Jurassic in the Dongdaohaizi Depression
of the Junggar Basin indicate a transitional and episodic provenance from a collisional
orogen with an oceanic-continental subduction background.

(2) The age ranges of the Badaowan Formation are 240–340 Ma, 360–440 Ma, and 480–540 Ma,
while those of the Sangonghe Formation are 260–340 Ma, 370–440 Ma, and 460–520 Ma.
The youngest detrital zircon age is 241 ± 2 Ma, indicating the earliest limit of sedi-
mentation in the Early Permian.

(3) During the Early Jurassic, the consistent subduction of the residual East Junggar
Ocean induced continuous uplift in the Karamaili region, resulting in an increasing
exposure of deep-seated rocks to provide sedimentary material.

(4) The Karamaili Ocean, as part of the Paleo-Asian Ocean, experienced three evolutionary
stages: Cambrian-Early Silurian (460–540 Ma), Late Silurian-Early Carboniferous
(360–440 Ma), and Late Carboniferous-Triassic (240–340 Ma).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11071375/s1, Table S1: Components and contents of Badaowan
and Sangonghe Formation samples in the Dongdaohaizi Depression; Table S2: LA-ICP-MS zircon
U-Pb dating results of sandstones from the Badaowan and Sangonghe formations in Dongdaohaizi
Depression, Junggar basin.
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30. Sudar, V.; Aljinović, D.; Smirčić, D.; Barudžija, U. Composition and provenance of Gröden sandstone from the Velebit Mts.

Rudarsko-Geološko-Naftni Zbornik 2016, 31, 53–67. [CrossRef]
31. Ludwig, K. RISOPLOT 2.49: A Geochronological Toolkit for Microsoft Excel. Berkeley Geochronol. Cent. Spec. Publ. 2001, 1a, 1–58.
32. Li, Z.; Li, R.; Sun, S.; Jiang, M.; Zhang, W. Detrital composition and provenance tectonic attributes of Jurassic sandstones, south

Hefei basin. Acta Petrol. Sin. 1999, 15, 438–445.

138



J. Mar. Sci. Eng. 2023, 11, 1375

33. Ingersoll, R.V.; Bullard, T.F.; Ford, R.L. The effect of grain size on detrital modes: A testof the Gazzi-Dickinson point-counting
method. J. Sediment. Petrol. 1984, 54, 103–116.

34. Dickinson, W.R. Interpreting detrital models of graywacke and arkose. J. Sediment Petrol. 1970, 40, 695–707.
35. Guangwen, H.; Jiayong, P.; Guangnan, H.; Fei, X.; Dehai, W.; Fujun, Z. Zircon Chronological Characteristics and Geological

Significance of Sedimentary Rocks of Badaowan Formation in Mengqiguer Area, Xinjiang. Xinjiang Geol. 2021, 39, 210–219.
36. Ni, M. Source Analysis and Tectonic Significance of Middle-lowermesozoic in Northwest Margin of Junggar Basin: Evidence

Fromdetrital Zircon U-pb Age. Master’s Thesis, China University of Petroleum (Beijing), Beijing, China, 2019.
37. Wang, X.; Cai, K.; Sun, M.; Xiao, W.; Xia, X.; Wan, B.; Bao, Z.; Wang, Y. Two contrasting late Paleozoicmagmatic episodes in

the northwestern Chinese Tianshan Belt, NWChina: Implication for tectonic transition from plate convergence tointra-plate
adjustment during accretionary orogenesis. J. Ofasian Earth Sci. 2017, 153, 118–138. [CrossRef]

38. Hartanto, P.; Alam, B.Y.C.S.; Lubis, R.F.; Hendarmawan, H. The Origin and Quality of the Groundwater of the Rawadanau Basin
in Serang Banten. Indonesia. Rud. Geološko Naft. Zb. 2021, 36, 11–24. [CrossRef]

39. Liu, X. The Evolution of Dynamic Structural Belt in Kalamaili Mountains in the Junggar Basin., 2016. Ph.D. Thesis, Southwest
Petroleum University, Chengdu, China, 2016.

40. Zhang, Y.; Pe-Piper, G.; Piper, D.J.W.; Guo, Z. Early Carboniferous collision of the Kalamaili orogenic belt, North Xinjiang, and its
implications: Evidence from molasse deposits. Bulletin 2013, 125, 932–944. [CrossRef]

41. Zhang, Y.; Guo, Z.; Pe-Piper, G.; Piper, D.J.W. Geochemistry and petrogenesis of Early Carboniferous volcanic rocks in East
Junggar, North Xinjiang: Implications for post-collisional magmatism and geodynamic process. Gondwana Res. 2015, 28, 1466–1481.
[CrossRef]

42. Ji, H.; Tao, H.; Wang, Q. Early to middle Jurassic tectonicevolution of the Bogda Mountains, Northwest China: Evidence
fromsedimentology and detrital zircon geochronology. J. Asian Earth Sci. 2018, 153, 57–74. [CrossRef]

43. Han, B.F.; Guo, Z.J.; Zhang, Z.C. Age, geochemistry, andtectonic implications of a late Paleozoic stitching pluton in the northTian
Shan suture zone, western China. Geol. Soc. Ofamerica Bull. 2010, 122, 627–640. [CrossRef]

44. Wali, G.; Wang, B.; Cluzel, D. Carboniferous-Early Permianmagmatic evolution of the Bogda Range (Xinjiang, NW China):
Implications for the Late Paleozoic accretionary tectonics of the SWCentral Asian orogenic belt. J. Asian Earth Sci. 2018,
153, 238–251. [CrossRef]

45. Filippova, I.B.; Bush, V.A.; Didenko, A.N. Middle Paleozoic subduction belts: Theleading factor in the formation of the Central
Asian fold-and-thrust belt. Russ. J. Earth Sci. 2001, 3, 405–426. [CrossRef]

46. Mossakovsky, A.A.; Ruzhentsev, S.V.; Samygin, S.G.; Kheraskova, T.N. The CentralAsian fold belt: Geodynamic evolution and
formation history. Geotectonics 1993, 26, 455–473.

47. Xiao, W.J.; Windley, B.F.; Allen, M.F.; Han, C.M. Paleozoic multiple accretionary andcollisional tectonics of the Chinese Tianshan
orogenic collage. Gondwana Res. 2013, 23, 1316–1341. [CrossRef]

48. He, D.; Zhang, L.; Wu, S.; Li, D.; Zhen, Y. Tectonic evolution stages and features of the Junggar Basin. Oil Gas Geol. 2018,
39, 845–861.

49. Li, D.; He, D.; Fan, C.; Xiang, K.; Jin, L. Early Permian Post-collisional Magmatic Events, East Junggar: Constraints From Zircon
Shrimp U-pb Age, Geochemistry And Hf Isotope Of Rhyolite In The Yundukala Area. Acta Petrol. Sin. 2013, 1, 317–337.

50. Chen, X.; Lu, H.; Shu, L.; Wang, H.; Zhang, G. Study on Tectonic Evolution of Junggar Basin. Geol. J. China Univ. 2002, 3, 257–267.
51. Chen, F.; Zhang, G.; Chen, Z. Unconformity Analysis and Its Significance in The Study of Continental Basin Tectonics. Geoscience

2004, 3, 269–275.
52. Qu, G.-s.; MA, Z.-j.; Chen, X.-f.; Li, T.; Zhang, N. On structures and evolutions in Junggar Basin. Xinjiang Pet. Geol. 2009, 30, 1–5.
53. Zhang, C.; He, D.; Wu, X.; Shi, X. Formation and evolution of multicycle superimposed basins in Junggar Basin. China Pet. Explor.

2006, 11, 47.
54. He, D.; Zhou, L.; Tang, Y.; Wu, X.; Du, S. Characteristics of unconformity between the Xishanyao Formation and Toutunhe

Formation of Middle Jurassic in Junggar Basin and its significance in petroleum exploration. J. Palaeogeogr. 2007, 4, 387–396.
55. Wu, K.; Paton, D.; Zha, M. Unconformity structures controlling stratigraphic reservoirs in the north-west margin of Junggar basin,

North-west China. Front. Earth Sci. 2013, 7, 55–64. [CrossRef]
56. Han, X.; Ayiguli, W.U. Tectonic Framework and Stucutral Patterns in Peripheral Eastern Junggar Basin. Xinjiang Pet. Geol. 2001,

22, 202.
57. Wang, S.; Zou, C.; Hou, L.; Wei, Y.; Luo, X.; Guo, Z. Petroleum geological characteristics of gas accumulation in carboniferous

volcanics and prospect for gas exploration, Eastern Junggar Basin. Earth Sci. Front. 2013, 2, 226–236.
58. Cai, Z.; Chen, F.; Jia, Z. Types and Tectonic Evolution of Junger Basin. Earth Sci. Front. 2003, 7, 431–440.
59. Nie, L.; Ma, J.; Tang, X. Meso-Cenozoic tectonic events and their petroleum geological significance in Zhangpenggou area, eastern

Junggar Basin. Lithol. Reserv. 2023, 35, 81–91.
60. Song, J.; Qin, M.; Cai, Y.; Guo, Q.; He, Z.; Liu, Z.; Cao, X.; Chen, Z. Uplift-Denudation of Orogenic Belts Control on the Formation

of Sandstone Type Uranium(U) Deposits in Eastern Junggar, Northwest China: Implications from Apatite Fission Track (AFT).
Earth Sci. 2019, 44, 3910–3925.

61. Wu, Z.; Han, X.; JI, H. Mesozoic-Ceno-zoic tectonic events of eastem Junggar Basin, NW China andtheir significance for uranium
mineralization; Insights fromseismic profiling and AFT dating analysis. Ore Geol. Rev. 2021, 139, 104488. [CrossRef]

139



J. Mar. Sci. Eng. 2023, 11, 1375

62. Xinzhi, Z.; Linhao, F.; Tao, W.; Yunfa, M.; Mingzhen, Z.; Xuelian, W.; Peizong, L.; Xiujuan, H.; Ruoyuan, Q.; Han, Y. Palynological
assemblages and palaeoclimate across the Triassic-Jurassic boundary in the Haojiagou section, southern Junggar Basin. Chin. J.
Geol. 2022, 57, 1161–1176.

63. Song, C.; Cheng, C.; Qiao, Y. Sedimentary Characteristics of Jurassic Toutunhe Formation in Block 4 Central Junggar Basin. Adv.
Geosci. 2019, 9, 1229–1236. [CrossRef]

64. Xia, T. Reservoir Characteristics of the Badaowan Formation in Central Junggar Basin. Master’s Thesis, China University of
Petroleum (Qingdao), Qingdao, China, 2018.

65. Zhu, X.; Li, S.; Wu, D.; Zhu, S.; Dong, Y.; Zhao, D.; Wang, X.; Zhang, Q. Sedimentary characteristics of shallow-water braided
delta of the Jurassic, Junggar basin, Western China. J. Pet. Sci. Eng. 2017, 149, 591–602. [CrossRef]

66. Jian, P.; Liu, D.-y.; Zhang, Q.; Zhang, F.-q.; Shi, Y.-r.; Shi, G.-h.; Zhang, L.-q.; Tao, H. Shrimp Dating of Ophiolite And Leucocratic
Rocks Within Ophiolite. Earth Sci. Front. 2003, 4, 439–456.

67. Xiao, W.; Windley, B.F.; Yan, Q.; Qin, K.; Chen, H.; Yuan, C.; Sun, M.; Li, J.; Sun, S. SHRIMP zircon age of the Aermantai ophiolite
in the North Xinjiang area, China and its tectonic implications. Acta Geol. Sin. 2006, 80, 32–37.

68. Fang, A.; Wang, S.; Zhang, J.; Zang, M.; Fang, J.; Hu, J. The U-Pb ages of zircons from the gabbro in the Kalamaili ophiolite, North
Xinjiang and its tectonic significances. Chin. J. Geol. 2015, 50, 140–154.

69. Zhang, Y. The Study About the Composition, the Structure, Theemplacement Mechanism and Significance of Tectonic of the
Armantai Ophiolite Melange, East Junggar, Xinjiang, China. Ph.D. Thesis, Chang’an University, Xi’an, China, 2013.

70. Liu, Y. Early Paleozoic ophiolite SHRIMP U-Pb dating and its Genetic Types & Tectonic Setting in eastern Junggar, Xinjiang.
Ph.D. Thesis, China University of Geosciences, Beijing, China, 2016.

71. Xiong, S.; Zhang, Z.; Li, G.; Liu, R.; Hua, X.; Zhao, F.; Zhou, P.; Li, G. Zircon U-Pb Dating, Geochemical Characteristics of
Alkali-granites in Laoyemiao Area, Eastern Junggar, and Geological Significance. Geol. Rev. 2019, 65, 221–231.

72. Luo, T.; Chen, S.; Liao, Q.A.; Chen, J.; Hu, C.; Wang, F.; Tian, J.; Wu, W. Geochronology, Geochemistry and Geological Significance
of the Late Carboniferous Bimodal Volcanic Rocks in the Eastern Junggar. Earth Sci. 2016, 41, 1845–1862.

73. Alimujiang, A.; Gong, X.; Li, X.; Zheng, F.; Shang, M.; Muzhapaer, M. LA-ICP-MS Zircon U-Pb Dating, Geochemical Characteristics
and Tectonic Significance of Ashudas Late Carboniferous Alkaline Granite in Northeast Margin of Eastern Junggar, Xinjiang.
Xinjiang Geol. 2020, 38, 184–191.

74. Wei, T.; Rukui, L.; Ling, G.; Yang, L.; Gang, H.; Feng, Y. Zircon U-Pb dating, geochemistry and tectonic significance of the volcanic
rocks in Liushugou Formation, East Junggar. Chin. J. Geol. 2022, 57, 782–808.

75. Jin, J.; Wang, J.; Liu, J.; Tuxun’ayi, T.; Ji, H.; Jia, H.; Fang, C.; Li, C. Characteristic and distribution of lithology-lithofacies of deep
Carboniferous reservoirs in the Ke-Bai fractured zone of the northwestern margin in Junggar Basin. J. Northwest Univ. 2018,
48, 238–245.

76. Liu, J.; Yang, Y. Comparison of Sedimentary Characteristics on Both Sides of Karamaili Ophiolite Belt in Eastern Junggar, Xinjiang.
Adv. Geosci. 2020, 10, 758–770. [CrossRef]

77. Zheng, M.; Tian, A.; Yang, T.; He, W.; Chen, L.; Wu, H.; Ding, J. Structural evolution and hydrocarbon accumulation in the eastern
Junggar Basin. Oil Gas Geol. 2018, 39, 907–917.

78. Li, D.; He, D.; Tang, Y.; Fan, C.; Kong, Y. Genesis of Early Carboniferous volcanic rocks of the Di’nan uplift in Junggar Basin:
Constraints to the closure time of Kalamaili ocean. Acta Petrol. Sin. 2015, 28, 2340–2354.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

140



Citation: Ruban, D.A.; Yashalova,

N.N. Ordovician Tsunamis:

Summary of Hypotheses and

Implications for Geoheritage

Resources. J. Mar. Sci. Eng. 2023, 11,

1764. https://doi.org/10.3390/

jmse11091764

Academic Editor: Markes E. Johnson

Received: 27 August 2023

Revised: 7 September 2023

Accepted: 8 September 2023

Published: 9 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Ordovician Tsunamis: Summary of Hypotheses and
Implications for Geoheritage Resources

Dmitry A. Ruban 1,* and Natalia N. Yashalova 2

1 Department of Organization and Technologies of Service Activities, Institute of Tourism, Service and Creative
Industries, Southern Federal University, 23-ja Linija Street 43, Rostov-on-Don 344019, Rostov Oblast, Russia

2 Department of Economics and Management, Business School, Cherepovets State University, Sovetskiy
Avenue 10, Cherepovets 162600, Vologda Region, Russia; natalij2005@mail.ru

* Correspondence: ruban-d@mail.ru

Abstract: Ordovician tsunamis have been hypothesized for more than 25 years, but the related
knowledge is yet to be systematized. The published sources bearing the pieces of this knowledge were
collected in the course of the specialized bibliographical survey, and these pieces of evidence were
summarized and interpreted with special attention to the spatiotemporal distribution of Ordovician
tsunamis. It is found that the latter were reported from many places of the world (24 localities
are established), which represent the Gondwana periphery, some isolated continental blocks, and
terranes. Tsunamis were hypothesized for all epochs of the considered period, but the evidence is
especially numerous for the Middle Ordovician. The degree of certainty of the interpretations of these
tsunamis is chiefly moderate. It appears that only a tiny portion of Ordovician tsunamis is known,
but the amount of available information is expected, taking into account the possibility of finding
very ancient tsunamis. The outcomes of this study contribute to a better awareness of the world’s
geoheritage resources. The established localities representing Ordovician tsunamis can be considered
potential geosites, two of which are promising start points for further, field-based research.

Keywords: early Paleozoic; geosites; natural hazards; resources management; systematic review

1. Introduction

The Ordovician, which was the second Paleozoic period with three epochs and seven
stages, started at 485.4 Ma and ended at 443.8 Ma [1–3]. It was marked by outstanding
biotic changes such as the long-term biodiversification event [4–6] and the strong mass
extinction [7–9] and the notable abiotic phenomena such as the very high global sea
level [10–12], the coexistence of the single supercontinent (Gondwana) with several smaller
continents and terranes [13–15], the outstanding palaeotemperature shifts [16–20], and
the extraterrestrial impacts [21,22]. However, many aspects of the Ordovician world are
yet to be fully realized, and the related information needs regular systematization and
reinterpretation.

In the modern world, tsunamis are rather common events with different triggers [23].
Apparently, they were similarly common and diverse in geological history, including the
Ordovician. They can be interpreted on the basis of the careful analysis of sedimentary
structures or the modeling of tsunami-triggering processes. Nonetheless, the evidence of
pre-Quaternary tsunamis is very limited due to their poor preservation, the methodological
difficulties, and, probably, the unawareness of geologists about their indicators in the
sedimentary successions [24–28]. In particular, Pratt [29] stated that the tsunami horizons
could occur more widely in the stratigraphical successions than expected. If so, the question
is how to “catch” them. Ordovician tsunamis have been hypothesized time and time again
(see the literature review below), but the related information remains scattered in the huge
volume of literature sources. This is why it appears very important to gather it together and
systematize it. Moreover, Ruban [27] explained that it is really important to pay attention
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to the quality (better put, certainty) of the evidence of ancient tsunamis. In some cases, they
were proposed too briefly and without detailed argumentation, or the researchers were
unable to choose between tsunamis and severe storms. In some other cases, clear arguments
for the existence of tsunamis were presented. Indeed, all judgments of pre-Quaternary
tsunamis are hypothetic, but some are more hypothetic than others due to the lack of strong
evidence.

The scarcity of the knowledge on very ancient tsunamis makes the localities, critical
to their studies, unique and important to research, education, and tourism, i.e., geoher-
itage sites (geosites sensu [30,31]). Tsunamis impress the public, and this kind of natural
hazard is well popularized and related to tourist activities [32–34]. As a result, the idea of
tsunamis from the Deep Past should be both interesting and clear to even non-specialists.
In other words, their localities are potential geosites and geotourist attractions. A better
understanding of pre-Quaternary tsunamis contributes to the exploration of geoheritage
resources. Taking into account the demand for the latter in contemporary society, the need
for these resources makes the ancient tsunami studies even more urgent.

The objective of this present paper is to characterize Ordovician tsunamis in light of
the evidence collected from the literature. Their spatiotemporal distribution is emphasized.
The outcomes of such a study seem to be important not only theoretically but also in regard
to finding new, world-class geosites. This study focuses on a single period of the Paleozoic
Era for reasons such as the representativeness and the heterogeneity of the literature
and the potential for event correlation, which differ between the periods. Moreover, the
Ordovician was the really specific (see above) time interval of the Earth’s evolution, and
thus, it deserves special attention. It also appears reasonable to synthesize the knowledge
step by step (period by period) to avoid delays and the related outdating of the information.

2. Materials and Methods

This present work is based on the existing literature and its systematic review. The
main procedures were as follows. First, the “Scopus” bibliographical database, which
boasts significant completeness and historical “depth” [35–37], was employed. The pub-
lished sources mentioning Ordovician (and its subdivisions) and tsunamis (also tsunamites)
in their titles, abstracts, and keywords were collected. Second, the opportunities of full-text
search of such articles with the major publishers’ databases (e.g., “ScienceDirect” by “Else-
vier” and “Springer Link” by “Springer”) were used. A direct search on Internet was also
undertaken. Third, the lists of references in the collected sources were analyzed carefully to
find some additional sources. In all cases, the content of the found sources was checked
briefly to exclude the irrelevant ones. As the outcome of these efforts, a representative (if
not comprehensive) sample was formed. It includes the sources mentioning Ordovician
tsunamis and/or their deposits (tsunamites), even if very briefly. Indeed, the topic is highly
specific, and thus, it is not surprising that the total number of sources is small.

The information from the collected sources was analyzed in two steps. First, the lines
of evidence were summarized. For this purpose, the localities of the Ordovician tsunamis
(one locality represents one relatively small area and one relatively “thin” time slice) were
established. For each of them, the location, the age, the character of evidence, and the
sources were indicated. The location and the age were considered generally as they are
mentioned in the analyzed sources (if even the chronostratigraphic units are outdated).
The character of evidence reflects the consideration of tsunamis in the sources. It was
established as follows. Ancient tsunamis cannot be observed or evidenced with some
historical documents, and thus, they can only be interpreted, i.e., hypothesized. If so, the
character of evidence depends on the “quality” of the mentioned hypotheses. The latter can
be well developed (formulated extensively and chiefly without alternative explanations),
preferred (chosen among two or more possible explanations), alternative (considered as a
possible alternative to any other explanations), simply stated, and debatable (with some
criticism). They can also be presented in previous publications extensively or briefly. The
related peculiarities of the information in the analyzed sources were established for the
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purposes of this present study. The triggers of the hypothesized tsunamis, as proposed in
the original sources, were also indicated.

Second, the summarized lines of evidence collected from the existing literature were
interpreted. The major palaeotectonic domain (affinity to supercontinents, large continental
blocks, and terranes) was established for all localities. For this purpose, the information
from the analyzed sources was used together with the consideration of the “fresh” plate
tectonic reconstructions [13–15]. Indeed, some generalizations and assumptions were
unavoidable due to the differences in these reconstructions. The age of the localities
was justified against the present version of the international geological time scale of the
Ordovician [1,2]. In several cases, the original information did not permit to attribute the
localities to the particular stages of this period, and, therefore, the interpreted age was
limited to the level of epochs (this should not be too large a generalization taking into
account how old are Ordovician deposits). The degree of certainty of the interpretations
of tsunamis offered in the original sources was established. The summarized information
of the character of evidence allows scoring the localities, where one score signifies the
lowest degree of certainty (when the hypothesis is debatable), and five scores signify the
highest degree of certainty (when the hypothesis is well-developed and argued extensively).
Importantly, the authors of this present work do not express their own opinions on the
quality of the previous research and hypotheses and do not evaluate them critically (this
task is left for future studies, which will require additional field-based information and
methods that are yet to be developed). All these interpretations allow judgments of
the spatiotemporal distribution of Ordovician tsunamis and the quality of the related
information.

3. Results

3.1. Summary of the Evidence Collected from the Literature

First of all, it is reasonable to summarize the information collected from the existing
literature. The published evidence of Ordovician tsunamis is rather heterogeneous (Table 1).
Nonetheless, it allows for establishing two dozen localities where these natural hazards
took place (several times in some localities). It appears that significant research attention
was paid previously to eastern Laurentia and northwestern Baltica, which are the focus of
several publications.

Table 1. Summarized evidence of Ordovician tsunamis.

ID *
Location Age

Character of Evidence Source(s)
(How Indicated in the Original Sources)

1 Cincinnati Arch/Basin Katian,
Mohawkian–Cincinnatian

Alternative hypothesis, proposed briefly;
seismicity-triggered tsunami [24,38–41]

2 Armorican Massif
Arenig–Llanvirn Preferred hypothesis, argued briefly;

volcanism-triggered tsunami [42]
3 Hesperian Massif

4 North Wales Caradoc
Well-developed hypothesis, moderate
argumentation; combined volcanism and
landslide-triggered tsunami

[43]

5 Illinois Basin Sandbian Alternative hypothesis, proposed briefly;
impact-triggered tsunami [44]

6 (11) Baltoscandian Basin Darriwilian Debatable hypothesis, rather extensive
evidence; seismicity-triggered tsunami [45,46]

7 Baltoscandian Basin Dapingian
Well-developed hypothesis; extensive
argumentation; seismicity- or
impact-triggered tsunami

[47]
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Table 1. Cont.

ID *
Location Age

Character of Evidence Source(s)
(How Indicated in the Original Sources)

8 Baltoscandian Basin 455 Ma Simply stated hypothesis, argued briefly;
impact-triggered tsunami [48]

9 Montana Earliest Ordovician ** Preferred hypothesis, argued extensively;
seismicity-triggered tsunami [29]

10 Western Precordillera Early Ordovician Preferred hypothesis, argued extensively;
seismicity-triggered tsunami [49]

11 (6) Estonia

Darriwilian
Well developed but critically reconsidered,
moderate argumentation; complex
mechanism that remains debatable

[50,51]

12 South Wales

13 North England

14 Yukon

15 Western Newfoundland

16 Western Ireland

17 Central Newfoundland

18 Western Norway

19 Korea

20 Western Precordillera

21 Central Precordillera

22 New South Wales

23 Northwestern Argentina

24 Western Yunnan

Notes: * It cannot be excluded that some localities with the same age coincide: both numbers are indicated in such
cases; ** the sedimentary succession, for which tsunamis were interpreted, embraces the middle Cambrian–earliest
Ordovician, and the attention was paid to its Cambrian part in the original source.

There is no ready “receipt” to hypothesize ancient tsunamis, and the related research
employs state-of-the-art techniques. Tsunamis were hypothesized by the previous re-
searchers with two approaches, which can be defined provisionally as direct identification
and indirect assumption. The direct identification means that some peculiarities of sedimen-
tary successions (rock sequences, specific lithologies, and structures) allowed judgments
about the possibility of a tsunami. For instance, Pratt et al. [49] interpreted tsunamis for the
La Silla Formation of the Western Precordillera (Argentina) on the basis of the very accurate
analysis of the sedimentary signatures of unusual erosive events and also argued why
the alternative explanations (tidal channels and severe storms) should be excluded. The
indirect assumption means that tsunamis were noted as the expected consequence of some
other, also interpreted geological processes. This means that tsunamis are assumed possible
because their triggers are interpreted. For instance, Põldsaar et al. [47] proposed a tsunami
after the analysis of the Volkhov Oil Collector in the Baltoscandian Basin when they dis-
cussed the possible trigger of the registered turbidite formation; importantly, these authors
based their proposal on the comparison of what is known about tsunamis (also present) in
similar settings. Additionally, some sources considered possible tsunamis but only referred
to the previous studies. Principally, this may mean that the authors of the following source
found the precedent hypothesis reasonable to a certain degree. For instance, Lam et al. [40]
noted tsunamis interpreted previously in the Late Ordovician sedimentary successions of
the Cincinnati Basin. It is also reasonable to note the work by Meinhold et al. [50], who
discussed the earlier proposal by Parnell [51] of the possible impact-triggered, global-scale
episode of mass wasting in the Middle Ordovician. This is an example of when the initial
proposal was challenged later.
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Although the published information on Ordovician tsunamis seems to be limited, one
should note that it is rather diverse (Table 1). Previous researchers focused on different
places of the world and different time slices. The ages of the deposits with tsunami-related
signatures were often established accurately. The character of the evidence differs, but even
more important is that the really different triggers of tsunamis were discussed (Table 1).

3.2. Interpretation of the Collected Lines of Evidence

The treatment of the collected lines of the evidence (Table 2) allows several inferences.
These are original interpretations offered in this present work, with some examples. First, it
appears that Ordovician tsunamis struck the periphery of Gondwana, isolated landmasses,
and islands (or microcontinents) related to terranes and their groups or chains, such
as Avalonia or Precordillera. Second, possible tsunamis took place in all epochs of the
Ordovician, especially the Middle Ordovician. Third, the degree of certainty of the tsunami
proposals is chiefly moderate, and the very certain and very uncertain lines of evidence are
equally rare (Table 2).

Table 2. Interpreted evidence of Ordovician tsunamis (based on Table 1).

ID * Domain ** Epoch Degree of Certainty *** Trigger

1 Laurentia Late Ordovician 2 Seismicity

2 Gondwana
Middle Ordovician 3 Volcanism

3 Gondwana

4 terranes 1 Late Ordovician 4 Complex

5 Laurentia Late Ordovician 2 Impact

6 (11) Baltica Middle Ordovician 1 Seismicity

7 Baltica Middle Ordovician 5 Questionable

8 Baltica Late Ordovician 3 Impact

9 Laurentia Early Ordovician 4 Seismicity

10 terranes 2 Early Ordovician 4 Seismicity

11 (6) Baltica

Middle Ordovician

3 Questionable

12 terranes 1

13 terranes 1

14 Laurentia

15 Laurentia

16 terranes 1

17 terranes 1

18 Baltica

19 North China

20 terranes 2

21 terranes 2

22 Gondwana

23 terranes 2

24 South China

Notes: * It cannot be excluded that some localities with the same age coincide: both numbers are indicated in
such cases; ** some localities represent terranes and their chains: as their composition and configuration remain
debatable, two groups of terranes are distinguished provisionally, namely terranes 1 (first of all, Avalonia) between
Baltica, Gondwana, and Laurentia and terranes 2 (first of all Precordillera) along the American periphery of
the Panthalassa; *** 1 marks the lowest degree of certainty, and 5 marks the highest degree of certainty (see
methodological explanations above).

145



J. Mar. Sci. Eng. 2023, 11, 1764

The distribution of the hypothesized Ordovician tsunamis in time is uneven (Figure 1).
A few events with the seismic trigger were reported from the Early Ordovician but with
significant certainty. With regard to the Middle Ordovician tsunamis, they seem to be
numerous (among those reported), had different triggers, and were established with
different but chiefly moderate certainty. Importantly, the majority of the localities of
this age are taken from the works by Meinhold et al. [50] and Parnell [51]. Their exclusion
would make the situation in the Middle Ordovician similar to that of the Late Ordovician.
As for the latter, four localities represent the related tsunamis with different triggers (half of
them could be caused by extraterrestrial impacts); the degree of certainty also differs, and
it is relatively low in half of the cases. Generally, one can note that the higher number of
localities and, thus, the concentration of the research do not enlarge the degree of certainty
of the available information. On average, the Early Ordovician tsunamis seem better argued
than the Middle–Late Ordovician tsunamis.

 

Figure 1. The distribution of the hypothesized Ordovician tsunamis in geological time. See Table 1
for an explanation of the locality numbers. The geological time scale follows [2].

The distribution of the hypothesized Ordovician tsunamis in the paleospace is notable.
Although the localities are found in many parts of the world (both present and past—see
Tables 1 and 2), such a situation is typical to only Middle Ordovician (Figure 2). The Early
Ordovician localities are found in the American domains, and the Late Ordovician localities
concentrate in Laurentia, Baltica, and the “nearby” terranes (Figure 2). Even if the Middle
Ordovician tsunamis were hypothesized with a moderate degree of certainty (Figure 1),
they appear to be the most widely reported (indeed, this is reasonable only if consider the
information from the works by Meinhold et al. [50] and Parnell [51]).
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Figure 2. The distribution of the hypothesized Ordovician tsunamis in the global paleospace. See
Table 1 for an explanation of the locality numbers. The paleogeographical contours are strongly
generalized from [13].

4. Discussion

4.1. Representativeness of the Literature-Based Evidence

The present synthesis of the knowledge of Ordovician tsunamis raises the question
of its completeness. The number of established localities is very limited (Table 1). Even
if we suppose that some of them bear the evidence of two or more tsunami events, the
total number of the presently known events is measured in the dozens. During the past
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120 years, more than 1300 tsunamis were recorded [23]. Taking into account the length of
the Ordovician Period [1,2], it is possible to calculate that the actual number of Ordovician
tsunamis could exceed the number of the presently known events many millions of times
(this may appear to be too much if even the geological records are always incomplete). In
other words, we know no more than 0.00001% of them. The significant incompleteness of
the knowledge of ancient tsunamis is established for the much younger periods [27]. As
noted above, the sources of this incompleteness can be both objective and subjective [24–28].
Tsunami deposits are not necessarily preserved, and even when so, it is very difficult to
identify and interpret them correctly (for instance, they can easily be misinterpreted as
storm deposits or anything else). Moreover, the work by Parnell [51] gives a bold example
of how massive the findings of the possible tsunami-related geological objects can be in
the case of the special interest of any researcher(s). However, such interests appear only
occasionally.

In regard to what is known about the common scarcity of information about pre-
Quaternary tsunamis [24–28], one can conclude that Ordovician tsunamis are known
more or less appropriately (at least, in regard to the present level of the development of
geology). They were reported from all epochs of the period (Figure 1) and from many major
palaeotectonic domains (Figure 2). The degree of certainty of the available information
differs; although it is relatively high in a few cases, it is not too low in many other cases
(Table 2). Moreover, the diversity of the hypothesized triggers (Table 1) seems to be even
larger than found for the younger periods [27]. Taken together, these inferences mean that
the knowledge of Ordovician tsunamis remains hypothetical and very incomplete, but its
amount is expected in regard to the chances of documentation of pre-Quaternary tsunamis.

The present analysis indicates several biases. First, the stratigraphical bias reflects
the insufficient (even absent) attention of the previous researchers to some geological time
slices, especially the entire Early Ordovician Epoch and the Hirnantian Stage of the Late
Ordovician Epoch (Figure 1). The latter was marked by the major glaciation [52–56], and it
is known that glacial conditions and the related paleoenvironmental shifts may be favorable
for tsunamis (in regard to icebergs and submarine landslides) [57–59]. The same bias is
also determined using the unequal number of localities considered in the sources. For
instance, Meinhold et al. [50] and Parnell [51] undertook a global-scale analysis, as a result
of which many Middle Ordovician localities are known. In contrast, the other specialists
focused on single localities. The situation is similar to that in paleontology when some
time slice “deserved” monographic descriptions of fossils, and others do not. Second,
the (paleo)geographical bias reflects the attention of the previous researchers on only
selected regions and paleotectonic domains, especially in the Early and Late Ordovician
(Figure 2). The distribution of the earthquake-generating subduction zones [14,15], which
could source multiple tsunamis and other possible triggers, was wider. Therefore, one
can expect tsunamis in many other places of the Ordovician world. Third, the causal bias
reflects the unequal attention to the different triggers of tsunamis. Apparently, this bias
is relatively weak in our case because the really different triggers of Ordovician tsunamis
were discussed (Table 1). Many principal triggers of tsunamis [23,25] were considered
by the previous researchers (it is necessary to stress that landslides were also taken into
account for complex mechanisms). Apparently, meteorological tsunamis [60–62] were not
reported from the Ordovician. The present-day sedimentological observations [63] can
enhance deciphering such natural hazards in the Deep Past.

It is interesting to note that the collected sources were published since the end of the
1990s, and many of them appeared in the 2010s. However, the sources dated in the 2020s
were not found. Indeed, such interruptions in the development of even so highly specific
research directions limit the accumulation of knowledge. But the same interruptions may
also be helpful to reconsider the previous experience critically and with “fresh eyes” in the
course of the subsequent research developments.
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4.2. Geoheritage Implications

Geoheritage comprises various unique (rare, peculiar) geological features, and its com-
mon manifestations are geosites. The latter is not only important to conserve the “fragile”
elements of the global geological environment but also useful for scientific developments,
educational activities, and tourism. In other words, geoheritage can be described in the
words of valuable resources [64–66]. To facilitate its effective exploitation in a given area,
these resources should be identified properly. Although this can be carried out in the course
of territorial geological mapping and specialized research, a more systematic approach can
be employed. Tsunami-related geoheritage has already been established [32–34,67,68], and
it is reasonable to search for geosites representing tsunamis for all periods of the Phanero-
zoic, including the Ordovician. The bibliographical surveys may provide important lines
for evidence for choosing the proper localities.

Contemporary geoheritage research pays much attention to the scientific value of
geosites and their measurement [30,65,69–77]. Indeed, the scientific importance seems to
be a fundamental quality of geosites, which stimulates their inventories and conservation
efforts. In particular, these localities can provide matter for new discoveries, interpretations,
and hypotheses, fix some standards, ideas, and theoretical concepts (e.g., stratigraphical
boundaries or typical facies), and serve to show the extraordinary peculiarities of the
geological environment. Therefore, the scientific reasons for the geosite selection are
really important (nonetheless, there may be other reasons, including those educational and
touristic), and the localities, which have already become important in the ancient tsunami
studies, are promising for establishing geosites.

The information collected for the purposes of the present study indicates two dozen
localities hypothetically representing Ordovician tsunamis. Principally, all of them can be
linked to geoheritage. Nonetheless, the most valuable, world-class localities can be selected
among them. It appears logical to prefer those that are distinguished with a high degree
of certainty of the interpretations (scores 4 or 5), the clear trigger, and the undisputable
age with full correspondence to the study time interval. From these requirements, the
first one is of special importance because it determines the relatively higher probability
of the ancient tsunami. More generally, the approach starts with the treatment of the
evidence, continues with the selection of the proper localities, and culminates with the
careful analysis of the published information when any stratigraphical section can be
recommended as a potential geosite (Figure 3). Such an analysis permits judgments about
the only availability of the highly valuable geoheritage resources in the particular area,
i.e., the potential for the subsequent geosite establishment. This is so because the original
publications do not necessarily bear the information about the potential geosites, and many
technical details (for instance, accessibility, vulnerability, and aesthetic properties) were
not reported in the “pure” geological works that dealt with tsunamis (or the published
information needs updates). Some specialized geoheritage-focused field investigations
are required to justify the information about the potential geosites and to formulate their
official proposals. In other words, we can establish the presence of the previous geoheritage
resources in particular areas and indicate the targets for future specialized studies, which
can lead to the formal proposal of geosites.

From the localities of Ordovician tsunamis (Tables 1 and 2), two seem to be especially
promising in regard to the geoheritage resources identified with the proposed approach
(Figure 3). It should be stressed that the latter indicates where geosites can be found, but
only the literature information does not allow formal geosite proposals and descriptions.
Moreover, it cannot be excluded that the localities and their settings changed significantly
since the time of the initial publication (e.g., due to human activities, slope collapses, etc.).
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Figure 3. The proposed approach for the identification of the paleotsunami-related geoheritage
resources.

The first locality is the Western Precordillera, where Pratt et al. [49] hypothesized Early
Ordovician tsunamis. In western Argentina, near San Juan City, the La Silla Formation
was studied in eight sections. It appears that the tsunami-related horizons of the Rio
Blanco Member may exist in all of them. Although additional field investigations are
necessary to propose one of these sections as a geosite, the Quebrada de la Flecha section
can be preferred provisionally because it was used in the original source to demonstrate the
tsunami-related facial features. This or any other neighboring section can be regarded as a
world-class geosite representing the Ordovician tsunami (at least, bearing the evidence of
hypothesizing the latter). As far as it is possible to deduce from the photographs available
in the original source [49], the noted section may be relatively well-accessible and have a
good scenic view. The rising interest in geoheritage and geotourism in Argentina and the
related scientific debates [78–82] form sufficient premises for further field-based study in
the noted locality, the formal geosite proposal, and its possible use in tourism.

The second promising locality is North Wales, where Kokelaar and Königer [43]
hypothesized Late Ordovician tsunamis. In western Great Britain, the Pitts Head Tuff
crops out. The relatively lengthy section examined at eight logs was described. The
authors argued that the entry of the pyroclastic flow into the sea and the subsequent
submarine sliding of the ignimbrite could trigger a tsunami. The entire section can be a
world-class geosite representing the geological features, which allow for hypothesizing
tsunamis. The original source does not contain any information, permitting us to judge
its technical properties. The United Kingdom and, particularly, Wales are known for
their traditions of geoconservation and geotourism and the availability of related, well-
established institutions [83–87]. If so, the noted geosite (if established after additional,
field-based examination) can be managed very effectively.

It is very important that the two potential geosites differ in age and tsunami mecha-
nisms. Indeed, both already played a notable role in the studies of Ordovician tsunamis.
This means that they are equally important as constituents of global geoheritage resources.
Therefore, exploitation and sustainable management of the latter are reasonable tasks. Their
solution will mark the shift from the realization of the geoheritage potential of the localities
to full-scale geoconservation and geotouristic activities.
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5. Conclusions

The present synthesis of the information about Ordovician tsunamis hypothesized in
the geological literature allows for some general conclusions. First, evidence of tsunamis
was found in different parts of the world and in all epochs of the Ordovician Period. Second,
the triggers of the hypothesized Ordovician tsunamis were rather diverse, and they were
not restricted to only earthquakes. Third, the degree of certainty of the interpretations of
Ordovician tsunamis varies from very low to very high, but it is commonly moderate, which
means that these tsunamis are chiefly neither too realistic nor too hypothetical. Fourth,
despite the significant incompleteness and the stratigraphical and (paleo)geographical
biases, the available knowledge of Ordovician tsunamis is not worse than one would
expect. Fifth, this study contributes to the understanding of the geoheritage resources and
indicates two potential world-class geosites with significant scientific value.

Such a bibliography-based study cannot avoid limitations. First, it is always possible to
miss some lines of evidence (e.g., published in any local edition and/or in a language other
than English). Second, the collected information is heterogeneous: when it is summarized,
some generalizations and simplifications are necessary. Both limitations are principally
unavoidable, and, supposedly, they cannot affect the outcomes of this paper strongly. The
choice of the literature sources was careful, and the generalizations/simplifications were
not so frequent and strong to question the analysis. The large incompleteness and the
various biases leave the impression that the knowledge of Ordovician tsunamis is still too
scarce to be reviewed. However, the present synthesis demonstrates that this knowledge is
not so limited, and it is already found in many sources. If so, it deserves to be summarized
and interpreted with certain cautions. Moreover, ancient tsunamis (not only Ordovician)
are very difficult to document, and, most probably, the situation will not change in the near
future. Therefore, scientists have nothing to do other than to try to understand these events
on the basis of what is already known.

Two perspectives for future research can be outlined. First, this present study records
several biases in the information of Ordovician tsunamis. Filling the related knowledge
gaps is urgent. For instance, the researchers should pay attention to the sedimentary succes-
sions of the regions, which could be affected by major earthquakes, volcanism, landslides,
and extraterrestrial impacts in Ordovician, but where tsunamis were not yet hypothesized.
The present state of the palaeogeographical knowledge allows us to indicate such regions
promising for tsunami searches. Second, this work demonstrates the importance of syn-
thetic studies. Ancient tsunamis were reported from the different time slices, and it is
very reasonable to summarize and interpret the information for each principal time slice.
Subsequent comparisons of the outcomes of these studies may reveal some interesting
long-term trends of the changes in tsunamis throughout the Phanerozoic (or, alternatively,
this may indicate the absence of such changes). We expect that scientists can learn more
about the appearance of tsunamis in geological history after the proper systematization of
the multiple pieces of evidence.
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Abstract: With the rapid development of nanotechnology, nanomaterials have been widely utilized
in many industries and daily life applications due to their unique properties. However, their potential
release and the human health/environmental consequences have raised public concern greatly. In
this study, we compared the toxic effects of AgNPs and AgNO3 on Skeletonema costatum in 10, 100,
and 500 μg·L−1 Ag treatments. In all the AgNP exposure experiments, cell membrane damage and
growth inhibition occurred. However, the cellular damage only obviously appears on exposure
to a high concentration of AgNO3. The antioxidant enzyme (SOD and CAT) activities and lipid
peroxidation in Skeletonema costatum were also induced significantly in the AgNP treatments. In
addition, the percentage of Ag release in seawater increased with the increase in AgNP concentrations
(13%, 32% for 100 and 500 μg·L−1 AgNPs). Thus, the biotoxic effects of AgNPs were found to be
due to a combination of the solubilization of particles into toxic metal ions and the nature of the
nanoparticles. It was worth noting that the induction of oxidative stress and damage to the cell
membrane comprised the dominant mechanism of toxicity for AgNPs. Therefore, the behavior of
nanometals in seawater affects the biotoxic effect on the phytoplankton. These results shed light on
the biological toxicity of nanometals and their possible toxicity mechanism.

Keywords: biotoxic; AgNPs; soluble Ag release; oxidative stress; Skeletonema costatum

1. Introduction

In recent years, silver nanoparticles (AgNPs) have received widespread attention [1–3].
Due to their stable physical and chemical properties, AgNPs show a better performance
than silver in many aspects, and are widely used in textiles, food, water treatment, cosmet-
ics, and other products [4,5]. In nature, many environmental factors affect the formation,
aggregation, and dispersion of nanoparticles [6]. The colloidal organic matter is an im-
portant regulatory factor for the speciation of trace metals in seawater and even their
biogeochemical cycling processes. These colloidal organic compounds can form nanopar-
ticles by joining complexes with metals, thereby affecting the biogeochemical cycle of
metals [2,7,8]. Dissolved organic matter in the aquatic environment can adsorb on the
surface of nanometals and inhibit the aggregation of nanoparticles. The presence of or-
ganic matter affects the bioavailability and toxicity of nanometals [6,9,10], while ions in
the water mass compress suspended nanometals and cause them to destabilize and pre-
cipitate [11]. Studies [12,13] have shown that a low concentration of humus can stabilize
silver nanoparticles, while a high concentration can induce aggregation, thereby changing
the bioavailability and biotoxicity of nanoparticles. For AgNPs, the ion release from the
nanoparticle is significant (~34% of silver ions resolved from the nanoparticles), resulting
in the absorption of metals by organisms exposed to AgNPs in both nano and ionic forms.
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After entering the aquatic environment, nanoparticles usually aggregate under physi-
cal, chemical, biological, and other conditions, which may cause their aggregates to settle
onto the surface of sediment, thereby posing an exposure toxicity risk to organisms living
in benthic environments [14,15]. In addition, some active metal nanoparticles may also
release metal ions into the water, posing an exposure toxicity risk to plankton that live in
the aquatic environment. The physical and chemical properties of nanoparticles (including
their size, shape, specific surface area, composition, aggregation, and dissolution) can affect
their biotoxicity, especially some nanomaterials containing toxic metals. However, there
is controversy as to whether “the biotoxicity is caused by the nanometal itself or the free
ions released”. It is generally believed that the biotoxic effect constitutes oxidative stress
induced in organisms [16–20]. However, the toxicological mechanism studies in nanomet-
als to date have ignored metal absorption and accumulation in organisms. Ringwood
et al. [21] found that low concentrations of AgNPs (<0.16 μg·L−1) did not affect the normal
hatching of fertilized eggs in oysters. However, when the exposure concentration exceeded
0.16 μg/L, the content of metallothionein (MT) in the fertilized eggs of oysters increased
significantly and reached 80 times the MT contents in the control groups. Thus, it can be
seen that the effects of AgNPs on different biological levels may be different [22]. Molecular
markers are, undoubtedly, more sensitive indicators. Therefore, it is necessary to study the
biological toxic effects of nanometals using different biomarkers in combination with their
accumulation in organisms.

Coastal waters are usually considered as the ultimate sink for pollutants, including
nanomaterials. In the process of human activities, unintentional and intentional discharge
can lead to a large amount of wastewater entering the coastal environment [5,23,24]. Simi-
larly, widely used nanomaterials will inevitably enter the marine environment and cause
harm to the marine ecosystem [25,26]. Marine microalgae are highly abundant in coastal
waters, so microalgae growth is likely to be affected by anthropogenic pollution. Skele-
tonema costatum (S. costatum) is a nearshore diatom which is distributed in waters with a
wide range of temperatures and salinity levels. Among more than 40 species of bloom
algae recorded in Jiaozhou Bay, a region of high urbanization in China, S. costatum is one of
the dominant species [27]. As a typical bloom alga with low levels in the food chain, the
absorption of nanoparticles in S. costatum directlys affect material transfer throughout the
food chain. Therefore, the biotoxic effects of AgNPs on S. costatum may affect the entire
coastal ecosystem. Thus, we selected S. costatum as the experimental object that has a
certain ecological significance.

As it is an emerging pollutant, the widespread application of AgNPs may cause
pollution to the water mass and also induce adverse effects on human health. However, it is
difficult to evaluate the ecotoxicity risk of nanomaterials because their toxicity mechanism
is still unclear. Understanding the biotoxicity mechanism of AgNPs on marine algae can
help us to predict the impact of nanomaterials on the food web and the entire ecosystem in
coastal waters. It is unclear how the particle size, shape, and surface properties of NPs are
altered after entering the seawater, and how these variations could affect their biotoxicity
to marine organisms. Therefore, it is necessary to conduct deeper research to explore the
biotoxicity mechanism of AgNPs on marine organisms. Studying the toxic effect of AgNPs
on coastal algae is of great scientific value in the protection of coastal ecosystems and
provides a scientific basis for further revealing the biotoxic mechanism of nanoparticles.

2. Methods and Materials

2.1. Characteristics of AgNPs

AgNPs (<100 nm, 99.5% trace metal basis) were purchased from Sigma-Aldrich (https:
//www.sigmaaldrich.cn/CN/zh, accessed on 3 April 2014). The standard solution of Ag
(AgNO3) was purchased from China Standard Substance Network (https://www.reagent.
com.cn/, accessed on 12 March 2014).

AgNP solutions were prepared with filtered seawater and Milli-Q water, respectively.
The concentrations of 10, 100, and 500 μg·L−1 AgNPs/AgNO3 were adapted in this study.
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The 500 μg·L−1 AgNPs in seawater solution were observed using a scanning electron
microscope (SEM, QUANTA200, FEI Company, Hillsboro, OR, USA).

After 24 h of solution preparation in seawater, the AgNP solution was subjected to
ultrafiltration using the 3 KD Millipore ultrafiltration centrifuge tube (UFC500396). The Ag+

ion in filtrate, released from the AgNPs, was measured in acidic conditions using a flame
atomic absorption spectroscope (MD2134, Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Determination of Cytotoxic Effects

The f/2 medium was prepared with reference to the method in the study by Guillard
et al. [28]. To avoid the complexation of Ag ions, Na2EDTA was not added to the culture
medium. Thus, it is called “modified f/2 medium”.

The cytotoxic experiments were performed in three groups (control, AgNP exposure,
and AgNO3 exposure). In a previous study [29], the concentration of AgNPs in industrial
discharge water was found to reach 1–6 mg·L−1. Considering the dilution effect of seawater,
we set up 10, 100, and 500 μg·L−1 AgNPs in a seawater culture medium. The AgNO3
exposure experiment also used the concentrations of 10, 100, and 500 μg·L−1 in the culture
medium for comparison. Every Ag concentration gradient was performed in triplicate. The
alga was cultivated in a constant-temperature incubator and manually shaken three times
a day.

Cysteine can be used as a complexing agent to eliminate the role of Ag ions in AgNP
toxicity. In our study, cysteine was added to the medium to complex Ag+. In the 500 μg·L−1

AgNO3 treatments, cysteine was added to the medium at a concentration of 500 μg·L−1. In
order to avoid the differences in the impact of cysteine, equivalent cysteine also be added
to the 500 μg·L−1 AgNP treatment. The Ag-cysteine formed could decrease the toxic effect
induced by the Ag+ released from the nanoparticles.

2.2.1. The Relative Growth Rates

The density of algal cells was measured using the microscope at the exposure times of
0, 24, 48, 72, and 96 h, and the relative growth rate was calculated as follows.

Relative growth rate = (ln N1 − ln N0)/(T1 − T0)

where N1, N0 are the density of the algal cell at time T1 and T0, respectively.

2.2.2. Ag Accumulation in the Algal Cell

After 48 h of exposure, 100 mL of algal culture was centrifuged into algal mud and
digested with HNO3 and H2SO4 using the microwave digestion method. Metal ligands, like
Na2EDTA and cysteine were not added, to avoid the complexation of Ag. The silver content
in the algal cell was detected in the digestion solution via flame atomic spectrophotometry.

2.2.3. The Damage to the Cell Membrane

According to Tommaso Pisani’s method [30], the electrolyte flow out after the destruc-
tion of the algal cell membrane causes changes in the conductivity of the algal solution.
The conductivity E1 and E2 of the algal solution before and after boiling were measured.
The degree of the damage to the cell membrane was expressed as E1/E2. The larger the
value, the greater the degree of damage.

2.2.4. Determination of the Chl-a

Referring to the method of Porra et al. [31], the absorbance of the supernatant at the
wavelengths of 665 nm and 652 nm was measured using a visible spectrophotometer. The
Chl-a was calculated as follows.

Chlorophyll a (mg·L−1) = 16.29 × A665 − 8.54 × A652
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where A665 and A652 represent the absorbance of the supernatant at the wavelengths of
665 nm and 652 nm.

2.3. Determination of Antioxidant Stress
2.3.1. Preparation of Protease Extract

Firstly, 20 mL algal solution was sampled to centrifuge at 5000 r/min for 10 min.
The supernatant was removed. The precipitate was added to an appropriate amount of
0.05 mol·L−1 phosphate buffer (pH = 7.0), then crushed ultrasonically. The liquid was
centrifuged at 4 ◦C, 6500 r/min for 20 min, and the supernatant was the protease extract.

The preparation of the protease extract and the subsequent determination of the
protein content, SOD, CAT, and MDA were performed with reference to the instructions
in the biological reagent kit purchased from Nanjing Jiancheng Biological Company (http:
//www.njjcbio.com/, accessed on 15 May 2014).

2.3.2. Determination of Protein Content, SOD, CAT, and MDA

The protein content in the protease extract was determined via the Coomassie brilliant
blue method, and the absorbance of the protease extract was measured at the wavelength
of 595 nm. The protein content was calculated as follows:

Cprot.
(g/L)

=
ODm − ODb
ODs − ODb

× 0.563 g/L

where ODm and ODs are the optical density of the tested sample and standard sample,
respectively. ODb is the optical density of the blank samples. Cprot. is the content of the
protein, and 0.563 g/L is the protein content of the standard sample.

The SOD content in the protease extract was determined via the hydroxylamine
method, and the absorbance of the protease extract was measured at the wavelength of
550 nm. The SOD content was calculated as follows:

SOD
(U/mg prot.)

=
ODc − ODm

ODc
÷ 50% × Vt

Vm
÷ Cprot.

where ODc and ODm are the optical density of the control and measured sample, respec-
tively. Vt and Vm are the volume of the total sample and measured sample, respectively, in
the unit of mL. The protein content is in the unit of mg prot/mL. The SOD content is in the
unit of U/mg prot, representing the SOD unit per mg protein.

The CAT content in the protease extract was determined via the visible light photo-
metric method, and the absorbance of the protease extract was measured at the wavelength
of 405 nm. The CAT content was calculated as follows:

CAT
(U/mg prot.)

= (ODc − ODm)× 271 × 1
60 × Vm

÷ Cprot.

where ODc and ODm are the optical density of the control and measured sample, respec-
tively. Vm is the volume of the measured sample, in the unit of mL. The protein content is
in the unit of mg prot/mL. The CAT content is in the unit of U/mg prot, representing the
CAT unit per mg protein.

The MDA content in the protease extract was determined via the spectrophotometry
method, and the absorbance of the protease extract was measured at the wavelength of
532 nm. The MDA content was calculated as follows:

MDA
(nmol/ mg prot.)

=
ODm − ODc

ODs − ODbl
× Con.s
(10 nmol/mL)

÷ Cprot.

where ODm, ODc, ODs, and ODbl are the optical density of the measured, control, standard,
and blank sample, respectively. Con.s is the concentration of MDA in the standard sample
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(10 nmol/mL). The protein content is in the unit of mg prot/mL. The MDA content is in
the unit of U/mg prot, representing the MDA unit per mg protein.

2.4. Statistical Analyses

The data are expressed as mean ± SD. The difference analysis between the control and
the exposure experiments is conducted using XLstat and one-way ANOVA. The significant
difference is p < 0.05.

3. Results and Discussion

3.1. Characteristics of AgNPs

In an aquatic environment, the physical and chemical conditions could affect the ag-
glomerate and deposition of nanoparticles, thereby altering their toxic effects on organisms.
Therefore, it is necessary to consider the impact of the possible flocculation of nanoparticles
on their toxicity mechanism.

Although the PVP coated on the surface of AgNPs plays a role in dispersion and
stability, the SEM image (Figure 1) shows that AgNPs flocculated to an irregular granular
shape in filtered seawater at different magnifications, and particles are produced with a
size of micron level. Due to the limitation of the accuracy of the device, the precision of the
images in Figure 1 is 10 and 5 μm, respectively. It can be seen from the SEM results that the
AgNPs obviously flocculated in seawater, and the size mostly varied between 100 nm and
10 μm.

 
Figure 1. SEM images of AgNPs (500 μg·L−1, Sigma, <100 nm) dispersed in seawater.

After 24 h, the release of soluble Ag from Milli-Q water and seawater with differ-
ent concentrations of AgNPs is shown in Figure 2. For 500 μg·L−1 AgNP solutions,
~32.43% Ag is released and exists in the filtered seawater medium as the soluble state
(162.17 ± 67.14 μg·L−1), which is significantly higher than the release amount in Milli-Q
water medium (11.9 ± 1.29 μg·L−1). However, for 100 μg·L−1 AgNP solutions, there is
no significant difference in the released soluble Ag contents between the filtered seawater
medium (13.01 ± 3.61 μg·L−1) and Milli-Q water medium (12.35 ± 4.17 μg·L−1). After
48 h, the content of soluble Ag released in both the filtered seawater and Milli-Q water
medium were lower than the detection limit of AAS, indicating that the aggregation of
AgNPs inhibited the release of soluble Ag from the nanoparticles.
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Figure 2. After 24 h, the release of soluble Ag from AgNPs in Milli-Q water and seawater. The same
identification letter (e.g., a and a) represents no significant difference, while different identification
letters (e.g., a and b) represent a significant difference.

Many studies have proven that AgNPs easily flocculate in seawater. Gomes et al. [32]
showed that AgNPs with the initial particle size of 41.7 ± 9.6 nm flocculated to 144.2 ± 39.2 nm
in a seawater suspension. Buffet et al. [13] demonstrated that the particle size of AgNPs
would increase from 40 nm to 150–500 nm. The reasons for the change in particle size are
summarized as the presence of inorganic ligands in seawater or the large specific surface
area of nanoparticles, which may also react with organisms. Therefore, the environmen-
tal behavior of AgNPs and the reaction between AgNPs and biological cells are closely
related [33,34].

The high ionic strength of seawater has a great influence on the aggregation and
dissolution of nanoparticles. In this study, the percentage of released soluble Ag decreased
with an increasing AgNP concentration in Milli-Q water (12% and 2% Ag released in
100 and 500 μg·L−1 AgNP solutions, respectively), while the results were the opposite
in seawater (13% and 32%, respectively). In comparison, in the study by Zou et al. [35],
18% Ag was released from a 1500 μg·L−1 AgNP solution, which is higher than our results.
The AgNPs in the study by Zou et al. [35] were synthesized by AgNO3 and NaBH4 in
the presence of ATP-2Na. The research by Burchardt et al. [36] on the impact of AgNPs
on diatoms showed that between 68% and 87% Ag was released from a 10 μg·L−1 AgNP
solution in artificial seawater, and between 2% and 3% Ag was released in freshwater (BG11
medium). The content of Ag released in seawater was much higher than that in freshwater,
which is the same as that in our study. In the study of ZnO NPs by Wang et al. [37], it
was found that more than 50% Zn was released in the form of a dissolved state in 102 to
1700 μg·L−1 ZnO NPs, which is higher than the release of Ag from the AgNPs in our study.
This showed that the release of ions from the nanoparticles—that is, the stability of the
nanoparticle solution—would be affected by the surface wrapping, the synthetic method,
the environmental media, the metal type and the environmental conditions (the organic
content, pH, etc.). Therefore, understanding the possible morphological changes and
dissolution in nanoparticles in different environments is of great significance in studying
the toxic effects of nanoparticles on organisms [38,39].
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3.2. Biological Effects of AgNPs on S. costatum
3.2.1. The Relative Growth Rate

From Figure 3, it can be seen that, after being exposed to different concentrations
of AgNPs for 24 h, most of algae exhibited varying degrees of growth inhibition and, as
the AgNP concentrations increased, the growth inhibition became apparent, except at
10 μg·L−1AgNP exposure, in which mild growth promotion occurred. In terms of ionic Ag
exposure, S. costatum showed significant growth inhibition only at a high concentration
(500 μg·L−1). Interestingly, at exposures with a low-concentration ionic Ag level (10 and
100 μg·L−1), the growth in S. costatum was promoted to a certain extent. This may be related
to the “low toxicity stimulation” effect.

Figure 3. The effects of different concentrations of AgNPs and soluble Ag concentrations (10, 100,
and 500 μg·L−1) on the relative growth rate of S. costatum at 24, 48, 72, and 96 h.

After the initial 24 h, the growth inhibition was more obvious in the 10 μg·L−1 AgNP
treatment than in the 100 and 500 μg·L−1 AgNP treatments, while the growth inhibition
of algae was more pronounced in the 500 μg·L−1 ionic Ag treatment than in the 10 and
100 μg·L−1 ionic Ag treatments. This may be due to the fact that nanoparticles with a higher
concentration are more likely to form aggregates in an algal solution, which temporarily
delays the growth inhibition of S. costatum, while a high concentration of ionic Ag has an
immediate inhibitory effect on algal growth.

3.2.2. Ag Accumulation

The Ag accumulation in S. costatum at different exposures of AgNPs and ionic Ag
is shown in Figure 4. As seen in Figure 4, the Ag accumulation in S. costatum at 48 h of
exposure to ionic Ag (500 μg·L−1) was 3.70 times higher than that in the AgNP solution
(500 μg·L−1). However, the Ag accumulation for the exposure with 100 μg·L−1 AgNPs
was 1.64 times higher than that in the algae exposed to the ionic Ag solution. In addition,
a higher concentration of Ag exposure induced a greater Ag accumulation. For example,
the Ag accumulation in the algae exposed to 500 μg·L−1 AgNPs was 1.52 times that in the
algae exposed to 100 μg·L−1 AgNPs. The Ag accumulation in the 500 μg·L−1 ionic Ag
exposure was 3.35 times that in the 100 μg·L−1 ionic Ag exposure experiments. The Ag
accumulation levels in the control and the 10 μg·L−1 Ag exposure experiments were all
lower than the detection limit. The above results show that AgNPs can be absorbed in the
form of particles. High concentrations of ionic Ag and low concentrations of AgNPs are
more likely to accumulate in cells, which may be related to the aggregation of nanoparticles.
There are more opportunities for high concentrations of AgNPs to form larger-particle-size
aggregates through collisions between particles. The particle size of the aggregates exceeds
the pore size of the cell membrane, hindering the entry of nanoparticles into the cell.
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Figure 4. The Ag accumulation in algae exposed to soluble Ag and AgNPs for 48 h. The same
identification letter (e.g., a and a) represents no significant difference, while different identification
letters (e.g., a and b) represent a significant difference.

3.2.3. Destruction of Membrane Stability of S. costatum by AgNPs

The degree of damage of the cell membrane is represented in E1/E2. The larger the
value, the greater the degree of damage. From Figure 5, it can be seen that, compared with
the control, the AgNP exposure showed obvious damage to the algal cell membrane. With
the ionic Ag exposure, only the 500 μg·L−1 levels showed obvious damage to the algal cell
membrane. The results show that AgNPs can induce damage to the stability of algal cell
membranes at a relatively low concentration level, which is related to the unique properties
of nanoparticles.

Figure 5. The stability changes in the cell membrane after S. costatum was exposed to different
concentrations of soluble Ag and AgNPs for 48 h. The same identification letter (e.g., a and a)
represents no significant difference, while different identification letters (e.g., a and b) represent a
significant difference.
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3.2.4. The Effect of AgNPs on Chl-a Contents in S. costatum

After 48 h of exposure to Ag solutions, the Chl-a contents in S. costatum under the
AgNP treatments decreased slightly (from 4% to 22%) compared to the control (p > 0.05,
Figure 6). Regarding the ionic Ag exposure, the Chl-a contents decreased significantly, by
about 60%. This suggests that the ionic Ag was the main cause of the decrease in Chl-a in
S. costatum. It is worth noting that, after the addition of cysteine, the Chl-a contents in S.
costatum under the AgNO3 treatments showed no significant difference from the control
and AgNP exposures. This indicates that cysteine eliminates the inhibitory effect on the
Chl-a production from complexing ionic Ag. Furthermore, it could be speculated that the
inhibitory effect on Chl-a production was mainly caused by Ag ions, but the soluble Ag
released in the AgNPs (100 to 500 μg·L−1) was not enough to induce an obvious inhibitory
effect on the Chl-a production in S. costatum.

Figure 6. The evolution of the Chl-a content in algae exposed to different concentrations of ionic Ag
and AgNPs for 48 h. The same identification letter (e.g., a and a) represents no significant difference,
while different identification letters (e.g., a and b) represent a significant difference.

The adsorption of AgNPs on the surface of microalgae cells will induce obvious toxicity
through direct or indirect physical reactions, such as the disintegration of cell walls [40],
or the reduction in light required for algal growth (“shading effect”) [41], and limit the
utilization of nutrients [42,43]. In the study by Burchardt et al. [36], the same concentration
of AgNPs also exhibited varying degrees of growth inhibition on Pseudomonas aeruginosa
(inhibition percentage: from 40% to 60%) and Polycystis cyanobacteria (inhibition percentage:
100%). In this study, the growth inhibition percentage of S. costatum was 58%, 70%, and 86%
for 10, 100, and 500 μg·L−1 AgNP exposure, respectively. Due to the limited research on
the toxicity of AgNPs to algae, it can be inferred that the sensitivity of S. costatum to AgNPs
is approximately between those of Pseudomonas aeruginosa and Polycystis cyanobacteria. In
addition, low concentrations of AgNPs have a more obvious inhibitory effect on algal
growth than relative high concentrations of AgNPs, while a high concentration of ionic
Ag has an obvious algal inhibitory effect. This may be due to the fact that relative high
concentrations of nanoparticles are more likely to form flocs in the algal medium, which
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temporarily delays the growth inhibition of S. costatum. The effect of ionic Ag on algal
growth can be explained by the “Hormesis effect of toxins”, which can be said to be an
adaptive response of organisms to toxins (in the sense of, “What does not kill you makes
you stronger”). That is to say, exposure to low-dose toxins will appropriately promote a
certain function in the organism (referring to algal growth in this case), while exposure to
high concentrations of toxins will have an inhibitory effect on that function.

The accumulation of metals in the organisms indicates that the toxicity of nanometals
to organisms is, to some extent, based on the absorption of metals by organisms. Perreault
et al. [44] emphasized, in their study on the toxicity of nano copper oxide to the green alga
Chlamydomonas reinhardtii, that the exposure to polymer encapsulated nanoparticle solution
could increase the absorption of nano copper oxide by algal cells. Hull et al. [45] studied
the absorption and retention of nanometals by purple mussels, indicating that, after initial
exposure for 8 h, more than 90% of nanometals were absorbed by purple mussels, and
almost all nanometals were present in the digestive glands of mussels. In this study, after
48 h of exposure to 500 μg·L−1 AgNPs, approximately 22% of Ag was accumulated in the
S. costatum. Therefore, the biological absorption of nanoparticles cannot be ignored when
studying the biological toxicity effects of nanoparticles.

As is well known, the cell wall is the first reaction site between nanoparticles and
cells, and serves as an important barrier to the absorption of nanoparticles. According to
the relevant research [46–48], the pore size on the cell wall of diatoms is, approximately,
from 3 to 50 nm. That is to say, if the particle size of the nanoparticles is smaller than
the pore size, then they can enter the cell through endocytosis, diffusion, or reacting with
carrier proteins [47,48]. Moreover, during the regeneration process, the permeability of the
cell wall changes. The newly generated cell wall can make it easier for nanoparticles to
enter [49]. In addition, the reaction between cells and nanoparticles induces a new pore
size that is larger than the normal pore size, which increases the possibility of nanoparticles
entering the cell through the cell wall [43,47].

As one of the important producers in the entire marine ecosystem, diatom photosyn-
thesis plays a crucial role in energy flow and nutrient transfer in the food web. Therefore,
studying the impact of nanoparticles on alga photosynthesis has a certain scientific signifi-
cance. Oukarroum et al. [50] studied the inhibitory effect of AgNPs on freshwater algae
(Chlorella vulgaris) and marine algae (Dunaliella salina), and the results showed that AgNPs
caused a sharp decrease in chlorophyll production in these two algae. Chen et al. [51]
studied the effect of nano titanium dioxide on the photosynthetic capacity (Fv/Fm) of
Chlamydomonas reinhardtii. The results showed that, when the concentration of nano tita-
nium dioxide was >1 mg·L−1, the photosynthetic capacity of Chlamydomonas reinhardtii
decreased rapidly. Perreault et al. [44] studied the toxicity of nano copper oxide particles
to the green alga Chlamydomonas reinhardtii, and indicated that the polymer-encapsulated
nanoparticle solutions significantly reduced the electron transfer ability of Chlamydomonas
reinhardtii photosynthetic system II. Miao et al. [52] studied the toxicity of nano zinc oxide to
Thalassiosira pseudonana; it was found that, as the concentration of nanoparticles increased,
the photosynthetic capacity (Fv/Fm) almost decreased to 0, and the Chl-a content decreased
by 81%. Röhder et al. [53] showed that, when the concentration of nano tin oxide increased
to 50 μM, the short-term toxicity of nano tin oxide particles was obviously promoted, and
the photosynthesis yield decreased significantly. Therefore, the inhibition of photosynthesis
is an important cause of the toxicity of nanoparticles to the aforementioned alga. However,
in this study, although the decreases in Chl-a were induced by different concentrations of
AgNPs, there was no significant difference compared to the control. This indicates that
the inhibition of photosynthesis by AgNPs (within the concentration range from 10 to
500 μg·L−1) was not the main cause of toxicity to S. costatum.
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3.3. The Effect of AgNPs on the Antioxidant System of S. costatum
3.3.1. SOD

From Figure 7, it can be seen that, after 48 h of exposure to Ag solutions with different
concentration gradients, the SOD contents in the algae in the AgNP treatments were 1.17,
0.34, and 1.72 times higher than those in the ionic Ag treatments for 10, 100, and 500 μg·L−1,
respectively. However, the SOD contents in S. costatum in the equal amount of cysteine
addition treatments, there was no significant difference between the control and the two
forms of Ag treatment.

Figure 7. The evolution of SOD content in algae exposed to different concentrations of soluble Ag
and AgNPs for 48 h. The same identification letter (e.g., a and a) represents no significant difference,
while different identification letters (e.g., a and b) represent a significant difference.

3.3.2. CAT

As can be seen in Figure 8, the CAT contents in S. costatum under AgNP exposure were
2.37, 1.51, and 2.86 times higher than those in the control for the 10, 100, and 500 μg·L−1

treatments, respectively. Additionally, there was a significant difference in the CAT contents
only between the 10 μg·L−1 AgNP and ionic Ag treatments. After the addition of an equal
amount of cysteine to the 500 μg·L−1 Ag solutions, there was no significant difference in
the CAT contents between the control and the two forms of Ag treatments, which was
similar to the changes in SOD contents in Section 3.3.1.

165



J. Mar. Sci. Eng. 2023, 11, 1941

Figure 8. The evolution of the CAT content in algae exposed to different concentrations of soluble Ag
and AgNPs for 48 h. The same identification letter (e.g., a and a) represents no significant difference,
while different identification letters (e.g., a and b) represent a significant difference.

3.3.3. MDA

After organisms are subjected to oxidative stress, the production of MDA can effec-
tively represent the degree of lipid peroxidation. From Figure 9, it can be seen that the
MDA contents in S. costatum had also undergone varying degrees of change. In the 100 and
500 μg·L−1 AgNP treatments, the MDA contents were 3.42 and 20.67 times higher than
those in the soluble Ag treatments, respectively. There was no significant difference in the
MDA contents between the soluble Ag treatments and the control. After an equal amount
of cysteine was added to the 500 μg·L−1 Ag solutions, no significant difference in MDA
contents occurred between the control and the two forms of Ag treatments, which was
similar to the changes in SOD and CAT contents. This indicates that AgNPs could induce
an obvious oxidative stress on S. costatum.

The effect of AgNPs on oxidative stress and the antioxidant defense can alter the
enzyme activity of SOD and CAT. The induction of these antioxidant enzymes is an effective
detoxification mechanism for alga cells to resist exposure to nanoparticles. The production
of lipid peroxide MDA indicates that the toxicity of AgNPs is related to oxidative stress.
We speculate that, as the concentration of AgNPs continues to increase, the enzyme activity
of SOD and CAT will decrease, and the MDA content will continue to increase, because
the further increase in the degree of oxidative stress may exceed the ability of antioxidant
enzymes to scavenge free radicals.

The study by Oukarroum et al. [50] showed that AgNPs induced lipid peroxidation
in two green algae (Chlorella vulgaris and Dunaliella salina). Buffet et al. [54] studied the
toxicity of AgNPs to two benthic organisms (the silkworm and bivalve), and the results
showed that AgNP and ionic Ag had a significantly enhanced effect on CAT activity, and
AgNPs also significantly induced the SOD activity in silkworms. Jiang et al. [55] found the
toxic effects of AgNPs on the aquatic plant Spirodela polyrhiza, and that exposure to AgNPs
significantly enhanced SOD and CAT activities in the duckweed, while particle Ag on the
micrometer level had no obvious effect on SOD and CAT activities. Lin et al. [40] found
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that nano titanium dioxide could cause an increase in the levels of reactive oxygen species
and MDA in Chlorella vulgaris. Chen et al. [51] showed that nano titanium dioxide also
increased the MDA in Chlamydomonas reinhardtii to its maximum value after 8 h of exposure.
Some studies [48,56] have also studied the toxic effect of AgNPs on large fleas using the
ion complexation method with the addition of cysteine, confirming that the biological
toxicity of nanoparticles was greatly reduced after cysteine complexed the released ionic
Ag. Therefore, nanoparticles can cause oxidative stress in organisms such as S. costatum,
leading to toxic effects on organisms [57,58].

Figure 9. The evolution of the MDA content in algae exposed to different concentrations of soluble Ag
and AgNPs for 48 h. The same identification letter (e.g., a and a) represents no significant difference,
while different identification letters (e.g., a and b) represent a significant difference.

4. Conclusions

In this study, the biotoxic effects of AgNPs were found to comprise a combination of
the solubilization of particles into toxic metal ions and the nature of the nanoparticles. The
ion complexation with cysteine could reduce the biological toxicity of the released ionic
Ag from the AgNPs. However, the induction of oxidative stress and the damage to the
cell membrane comprised the dominant mechanism of toxicity for AgNPs. Therefore, the
nature of nanometals in an aquatic environment is the key factor for understanding their
biotoxic effect on phytoplankton. The study into the toxicity mechanism of nanoparticles in
depth, and the possible morphological changes and dissolution of nanoparticles in different
environments, is of great significance.
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Abstract: This paper is devoted to the features of seismological observations in the Arctic seas,
which are complicated by harsh climatic conditions, the presence of ice cover, stamukhi and icebergs,
and limited navigation. Despite the high risk of losing expensive equipment, the deployment of
local networks of bottom seismographs or stations installed on ice is still necessary for studying the
seismotectonic characteristics and geodynamic processes of the region under consideration, the deep
structure of the crust and upper mantle, seismic hazards, and other marine geohazards. Various
types of seismic stations used for long-term and short-term deployments in the Russian sector of
the Arctic Ocean, as well as various schemes and workflows for their deployment/recovery, are
described. The characteristics of seafloor seismic noise and their features are also considered. The
results of deployments demonstrate that the characteristics of the stations make it possible to reliably
record earthquake signals and seismic noise. Based on the experience gained, it was concluded that
the preferred schemes for deploying ocean-bottom seismographs are those in which their subsequent
recovery does not depend on their power resources. Usually, such schemes allow for the possibility
of dismantling stations via trawling and are suitable for the shelf depths of the sea. The advantages
of such schemes include the possibility of installing additional hydrophysical and hydrobiological
equipment. When using pop-up ocean-bottom seismographs, special attention should be paid to the
careful planning of the recovery because its success depends on the possibility of a passage to the
deployment site, which is not always possible due to changing meteorological and ice conditions.
Seismic records obtained on the seafloor are characterized by a high noise level, especially during
periods of time when there is no ice cover. Therefore, it is recommended to install bottom stations for
periods of time when ice cover is present. The frequency range of the prevailing noise significantly
overlaps with the frequency range of earthquake signals that must be taken into account when
processing bottom seismic records.

Keywords: marine seismology; submarine earthquake; marine geohazards; ice cover; ocean-bottom
seismograph; deployment scheme; seafloor seismic noise; microseism; horizontal-to-vertical spectral ratio

1. Introduction

For the effective seismological monitoring of a tectonically active area, it is necessary to
deploy a seismic station network as close as possible to the observed seismogenic structures.
Most of the divergent, convergent, and transform boundaries of lithospheric plates, to
which the most seismically active regions of the Earth are confined, are located under
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the bottom of the seas and oceans. This leads to the need to develop means of recording
so-called submarine earthquakes.

Currently, the main way to record earthquakes, including submarine ones, is the
deployment of a network of land-based seismographs. Despite the constant development
of land-based seismological equipment, the accuracy of determining the main parameters
of earthquakes would be much higher if seismographs were installed on the bottom of seas
and oceans, closer to the observed tectonic structures. In addition, the objects of study can
be not only earthquakes but also seafloor seismic noise, processes of interaction between
the lithosphere and the hydrosphere, including tsunami generation, the deep structure of
the Earth under the oceans, etc.

Nowadays, for marine observations, either autonomous pop-up ocean-bottom seismo-
graphs (OBSs) are used if observations are carried out far from the coast or cabled OBSs are
used if there is a possibility of communication between the observed structures and the
coast. There are many types of OBSs; their design and characteristics vary significantly. An
example of a large project involving OBS deployments in many areas is the OBSIP (Ocean
Bottom Seismograph Instrument Pool) observation series [1,2]. Through the SAGE elec-
tronic resource [3], information is available about experiments throughout the world ocean
conducted from 2001 to 2019: the location of OBSs, recording periods, descriptions and
the technical characteristics of the equipment and recording channels, reports on scientific
cruises, geological characteristics of the study area, etc.

The studies of the OBSIP project [4–6], like many others [7–9], are primarily focused
on determining the deep structure of the crust and upper mantle, rather than studying the
seismic regime, which requires a longer recording period. For this purpose, permanent
cabled OBS networks located in seismically active zones are more suitable. Examples of
such systems are DONET (Dense Oceanfloor Network) and S-net, which are part of the
Japanese earthquake and tsunami warning system [10,11], or the Canadian network Ocean
Networks Canada (ONC) located in the Cascadia region [12,13].

In addition to fundamental research, marine seismological observations find practical
application due to the active industrial development of water areas, and they include
marine seismic exploration and seismological monitoring. Marine seismic exploration
plays a key role in the search for hydrocarbons on the shelf and continental slope. The
design and construction of offshore oil and gas production facilities, such as oil platforms,
marine terminals, and underwater pipelines, require accurate seismic hazard assessment,
including seismological monitoring to study the natural seismic regime of the region [14]
and seismic microzoning to assess the contribution of local conditions to the level of possible
seismic impact [15]. For critical objects, seismological monitoring is also necessary during
their operation, such as for oil and gas production facilities, since, due to the extraction of
large volumes of oil and gas, the natural tectonic balance in the Earth’s crust is disrupted,
which can lead to the activation of seismic processes [16–18].

Many earthquakes also occur in the water area of the Arctic Ocean [19]. The Arctic
is one of the key regions influencing global processes on Earth that causes great scientific
interest in its complex geodynamics and tectonics. This is especially true for the Laptev
Sea region since it is located, on the one hand, on the border of the Eurasian and North
American plates and, on the other hand, in the region of transition from the spreading
axis of the Gakkel Ridge to continental rifting on the shelf. Therefore, in recent years, a
number of marine scientific cruises have been carried out in the Laptev Sea, including a
seismological program of work [20–23].

Active tectonic processes and their manifestations in the form of earthquakes are
interconnected with such indirect hazardous phenomena as liquefaction and the subsidence
of soils, tsunamis, underwater landslides, and the massive release of bubbled methane
from marine sediments [24]. Studying possible geohazards is necessary for the economic
development of the Arctic region, including the development of both extraction and
transport infrastructure.
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Marine seismological observations are complicated primarily by the inaccessibility
of study areas and the high cost of marine scientific expeditions. In addition, seafloor
seismic records are characterized by a high level of natural noise and distortion associated
with placing the device on the surface of soft marine soil [7,21,22,25,26]—currently, it is
rather rare to have the opportunity to provide good coupling to stiff soil or installation in
a borehole.

When researching in the Arctic seas, additional difficulties arise due to the presence
of ice cover in most of the Arctic Ocean. In this case, it is necessary either to ensure
the long-term operation of OBSs in order to wait for the next season for recovery, when
the study area is again free of ice, to deploy OBSs through a hole in the ice, or to deploy
seismographs on the ice surface. In the first decade of the 2000s, the fundamental possibility
of recording seismic signals from earthquakes using a network of seismographs (seismic
array) located on drifting ice was demonstrated: the Arctic Mid-Ocean Ridge Expedition
(AMORE2001) project [27–29] and the Arctic Gakkel Vents (AGAVE) project [30,31]. During
these experiments, signals from hundreds of microearthquakes associated with volcanic
activity on the Gakkel Ridge were recorded.

This paper describes the design of a number of seismographs that have been used or
are planned to be used for seismological research in the seas of the Russian Arctic, as well as
a demonstration of some observational results. The article also aims to discuss the features
of seismographs’ deployment/recovery schemes and workflows, as well as the features of
seafloor seismic records, the consideration of which is necessary when processing them.

2. Types of Seismographs for Use in the Arctic Seas

Depending on the tasks, geography, season, and duration of observations in the Arctic
seas, we use various seismometric equipment. The stations were mainly developed at the
Shirshov Institute of Oceanology of the Russian Academy of Sciences (IO RAS) and by the
individual entrepreneur Dmitry Ilinsky (IP Ilinsky D.A.). If the scientific aim of the work
involves recording seismic signals in a broad frequency band that is usually necessary for
recording not only local earthquakes but also remote ones, as well as seismic noise, then
seismic stations based on broadband molecular–electronic transfer (MET) seismometers
are used [32]. This choice is due to the optimal price/quality ratio. Hydrophones are also
usually used for seismological observations at the seabed of water areas since hydrophone
records usually have a higher quality P-wave arrival than vertical seismometer records.
But they should have a low-frequency “seismological” amplitude–frequency characteristic.

At shallow shelf depths of up to 100 m, we use heavy, non-pop-up OBS versions of
MPSSR (a Russian abbreviation for marine bottom station for seismoacoustic survey) and
Typhoon (Figure 1). They have a similar design, including a block of MET seismic sensors,
a hydrophone, a recorder, and a battery pack. MPSSR stations are distinguished by their
larger dimensions, the lower-frequency characteristics of their main set of seismometers,
the presence of an additional set of high-frequency geophones, and an electronic compass
module. Both OBS versions are rigidly attached to heavy, bowl-shaped concrete ballast.
The dismantling of such stations is ensured either via trawling or via the functionality of
an external buoy-acoustic release-ballast system.

At depths greater than 100 m and up to 6000 m, we use pop-up OBS versions, GNS
(an abbreviation for geonode station) and GNS-C (Figure 2). They differ primarily in
the type and characteristics of the main block of seismic sensors (GNS-C stations have a
lower-frequency one), as well as in the dimensions and possible installation period—GNS
stations are used for observations of up to 2–3 months, and GNS-C stations can be installed
for a year.
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Figure 1. (a) Design of the MPSSR ocean-bottom seismographs: 1—three-component broadband
MET seismometer CME-4311 [32], 2—three-component short-period electrodynamic seismometer
(SV-10 and SG-10) placed in gimbal, 3—hydrophone 5007 m, 4—seismic recorder URS-S, 5—digital
compass module, 6—battery pack, 7—protective half-cover for hydrophone, 8—duralumin sphere,
9—concrete ballast. (b) External view of the MPSSR. (c) Design of the Typhoon ocean-bottom
seismographs: 1—three-component short-period MET seismometer CME-3311 [32], 2—hydrophone
5007 m, 3—seismic recorder URS-S, 4—battery pack, 5—protective half-cover for the hydrophone,
6—duralumin sphere, 7—concrete ballast. (d) External view of the Typhoon.

Figure 2. (a) Design of the GNS and GNS-C ocean-bottom seismographs: 1—three-component
geophone SM-6 for GNS or MET seismometer CME-4111 [32] for GNS-C, 2—seismic recorder GNS,
3—acoustic modem, 4—battery (or accumulator) pack, 5—acoustic hydrophone, 6—seismic hy-
drophone (HTI-94-SSQ for GNS or EDBOE RAS for GNS-C), 7—glass spherical housing, 8—ballast,
9—lamp, 10—flag, 11—anchor release, 12—plastic case. (b) External view of the GNS. (c) External
view of the GNS-C.
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To carry out short-term measurements of seismic noise at shallow depths of up to
30 m through holes in fast ice, a corresponding modification of the Typhoon station was
developed (Figure 3). The sensors, except the hydrophone, and the recorder are the same.
The housing, ballast, internal layout of the station, and size of the battery pack differ. The
dimensions of the plastic case and ballast make it possible to lower the device on a rope
through a hole in the ice. The diameter of the hole is 300 mm, and it corresponds to the
standard diameter of an ice drill.

 
Figure 3. (a) Design of OBS for installation through holes in ice: 1—seismic recorder URS-S, 2—three-
component short-period MET seismometer CME-3311 [32], 3—battery pack, 4—plastic housing,
5—fastening pins, 6—eyes for fastening a rope or cable, 7—ballast. (b) View of the internal layout of
the OBS. (c) External view of the OBS.

To conduct long-term seismological monitoring on drifting ice, a specific seismic
station was developed (Figure 4). Metal housing that is frozen into ice contains a three-
component seismometer, a seismic recorder, and a digital compass/inclinometer capable of
operating at low temperatures [33]. The station is equipped with a hydrophone on a cable,
which is lowered into a hole in the ice to a depth of 20 m.

 
Figure 4. (a) Design of seismic stations for installation on ice: 1—seismic recorder DELTA-03M [33],
2—three-component electrodynamic seismometer SPV-3K [33], 3—block of additional sensors (incli-
nometer, thermometer, electronic compass, and battery voltage indicator), 4—hydrophone 5007 m,
5—metal housing. (b) View of the internal layout of the station. (c) External view of station with the
hydrophone on a cable.
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Table 1 shows the main characteristics of the seismic stations described above. Most
of them (MPSSR, Typhoon, GNS, and GNS-C) have already been repeatedly used in the
Arctic seas. Seismographs designed for installation on ice or through a hole in the ice are
currently planned for use in the fast ice zone of the Laptev Sea.

Table 1. Main parameters of seismic stations for use in Arctic seas.

Type MPSSR Typhoon GNS GNS-C

OBS for
Installation
through Ice

Holes

Seismograph for
Installation

on Ice

Developer IO RAS IO RAS IP Ilinsky D.A. IO RAS/IP
Ilinsky D.A. IO RAS IO RAS

Dimensions 44 cm (diam.) 37 cm (diam.) 33 cm (diam.) 43 cm (diam.) 21 × 21 × 68 cm 276 cm (diam.)
75 cm (height)

Maximum depth
(housing)

3000 m 2000 m 6000 m 6000 m 30 m –

Sensors

Three-component
seismometer
CME-4311,

three-component
geophone
SH/SV-10,

hydrophone
5007 m

Three-component
seismometer
CME-3311,

hydrophone
5007 m

Three-component
seismometer

SM-6,
hydrophone
HTI-94-SSQ

Three-component
seismometer

CME-4111/4311,
hydrophone
EDBOE RAS

Three-component
seismometer
CME-3311

Three-component
seismometer

SPV-3K,
hydrophone

5007 m

Number of
channels

7 4 4 4 3 4/8

Frequency band

0.0167–50 Hz
(CME-4311),
10–250 Hz

(SH/SV-10),
0.04–2500 Hz

(5007 m)

1–50 Hz
(CME-3311),
0.04–2500 Hz

(5007 m)

4.5–140 Hz
(SM-6),

2–30,000 Hz
(HTI-94-SSQ)

0.0083–50 Hz
(CME-4111),

0.067–30,000 Hz
(EDBOE RAS)

1–50 Hz
(CME-3311)

0.5–65 Hz
(SPV-3K),

0.04–2500 Hz
(5007 m)

Sensitivity

2000 V/m/s
(CME-4311),
28 V/m/s

(SH/SV-10),
7.2 ± 0.5 mV/Pa

(5007 m)

2000 V/m/s
(CME-3311),

7.2 ± 0.5 mV/Pa
(5007 m)

28.8 V/m/s
(SM-6),

12.6 V/Bar
(HTI-94-SSQ

without preamp)

4000 V/m/s
(CME-

4111/4311),
200 V/bar

(EDBOE RAS)

2000 V/m/s
(CME-3311)

500 V/m/s
(SPV-3K)

Dynamic range
122 dB

(CME-4311),
100 dB (5007 m)

118 dB
(CME-3311),

100 dB (5007 m)

140 dB
(SM-6),
198 dB

(HTI-94-SSQ
without preamp)

122 dB
(CME-4111),

120 dB
(EDBOE RAS)

118 dB
(CME-3311)

120 dB
(SPV-3K),

100 dB (5007 m)

Sample rates, Hz
20, 25, 40, 50, 80,

100, 160, 200,
400, 800

20, 25, 40, 50, 80,
100, 160, 200,

400, 800

62.5, 125, 250, 500,
1000, 2000, 4000

62.5, 125, 250, 500,
1000, 2000, 4000

20, 25, 40, 50, 80,
100, 160, 200,

400, 800

31.25, 62.5, 125,
250, 500, 1000

Time
synchronization

GPS GPS GPS
GLONASS

GPS
GLONASS GPS GPS

Temperature
stability of the

quartz generator
±5 × 10−9 ±5 × 10−9 ±5 × 10−9 ±5 × 10−9 ±5 × 10−9 10−7 (basic)

10−8 (optional)

Memory
SD card up to

64 Gb
SD card up to

64 Gb
SD card up to

128 Gb
SD card up to

128 Gb
SD card up to

64 Gb SD card, 32 Gb

Allowed
installation tilt

angle
±15◦ ±15◦ ±20◦ ±15◦ ±15◦ ±15◦

Temperature
range

(sensors)

−12...+55 ◦C
(basic),

−40...+55 ◦C
(optional)

−12...+55 ◦C
(basic),

−40...+55 ◦C
(optional)

−40...+100 ◦C

−12...+55 ◦C
(basic),

−40...+55 ◦C
(optional)

−12...+55 ◦C
(basic),

−40...+55 ◦C
(optional)

−30. . .+55 ◦C
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3. Some Observation Results Obtained from the Arctic Seas

A study of the relationship between the phenomenon of the massive release of methane
from the seafloor of the Arctic seas and various other natural processes, including seis-
motectonic processes, requires the involvement of specialists from many disciplines, as
well as significant resources. Nevertheless, the relevance and scientific significance of such
work is determined by the possible contribution of the released gas to climate change. In
addition, the gas seepage from marine sediments, of course, refers to geohazards that must
be assessed when developing the Arctic waters.

Regular scientific marine expeditions to the Arctic seas of Russia have an extensive
multidisciplinary program of work, including geological, biological, geophysical, and
chemical research [24,34–36]. For several years, OBSs were deployed for both a long
recording period (several months) and a short one (several days). Figure 5 shows the
locations of OBSs in the Barents Sea, Kara Sea, Laptev Sea, and East Siberian Sea. Table 2
provides information about the type of devices, coordinates, and recording periods in the
experiments performed.

 
Figure 5. Location of OBS deployments in the Russian Arctic: (a) in the Barents and Kara seas, and
(b) in the Laptev Sea and the East Siberian Sea. Long-term deployments (3–7 months)—red circles,
short-term deployments (1 h–15 days)—blue circles.
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Table 2. Locations, types of OBSs, and their operation periods in the Arctic seas.

Type Latitude, ◦ N Longitude, ◦ E Depth, m Water Area Operation Period

Long-term deployments

MPSSR 75.42 127.39 42 Laptev Sea October 2018–February 2019

MPSSR 75.43 129.13 40 Laptev Sea October 2018–March 2019

GNS-C 77.31 120.61 350 Laptev Sea October 2018–May 2019

MPSSR 69.67 55.18 39 Barents Sea Aug 2018–November 2019

MPSSR 69.40 55.26 29 Barents Sea Aug 2018–November 2019

MPSSR 69.48 56.01 29 Barents Sea Aug 2018–November 2019

MPSSR 69.75 55.93 44 Barents Sea Aug 2018–November 2019

MPSSR 76.39 125.66 51 Laptev Sea October 2019–January 2020

Typhoon 76.83 127.69 61 Laptev Sea October 2019–February 2020

Typhoon 71.54 66.47 46 Kara Sea October 2021–January 2022

Typhoon 71.24 65.60 42 Kara Sea October 2021–March 2022

Typhoon 69.97 65.30 41 Kara Sea October 2021–February 2022

MPSSR 74.90 69.72 42 Kara Sea October 2021–March 2022

Short-term deployments

GNS-C 75.42 129.13 40 Laptev Sea 30 September 2018–6 October 2018

GNS-C 76.86 125.57 75 Laptev Sea 28 September 2018–13 October 2018

MPSSR 75.01 126.52 37 Laptev Sea 6 October 2018–9 October 2018

MPSSR 75.01 128.26 36 Laptev Sea 5 October 2018–12 October 2018

MPSSR 75.20 127.40 40 Laptev Sea 6 October 2018–8 October 2018

MPSSR 74.94 160.52 45 East Siberian Sea 30 September 2019–3 October 2019

Typhoon 72.98 65.87 82 Kara Sea 4 November 2022 (~1 h)

Typhoon 69.13 58.42 17 Barents Sea 10 November 2022 (~1 h)

Typhoon 69.20 58.03 21 Barents Sea 10 November 2022 (~1 h)

Typhoon 69.22 57.81 22 Barents Sea 11 November 2022 (~1 h)

Typhoon 69.32 57.82 22 Barents Sea 11 November 2022 (~1 h)

The main purpose of OBS deployments was to study the relationship between gas
seeps and tectonic processes. This required the registration of local and regional earth-
quakes, as well as the determination of their magnitudes and spatial distribution. During
the observation period, several hundred local earthquakes were recorded—Figure 6a shows
examples of waveforms of recorded signals, as well as their spectra. In particular, the
results of OBS observations, along with catalogs of global and regional networks, revealed
a number of new patterns in the distribution of earthquake epicenters on the shelf of the
Laptev Sea, the most seismically active sea in the Russian sector of the Arctic Ocean [23].
Figure 7a shows Guttenberg–Richter curves for the Laptev Sea shelf—demonstrating an
improvement in the completeness of the earthquake catalog in the range of magnitudes of
less than 4 after taking into account seismic events recorded by OBSs, but this is still not
enough to make the recurrence curve linear.

The use of broadband, highly sensitive sensors made it possible to record signals
from remote earthquakes that occurred at a distance of several thousand kilometers. An
example of such a signal is shown in Figure 6b. Records of remote earthquakes can be
useful for determining the deep structure of the crust and upper mantle in the vicinity of
the location of OBSs. This is important in particular for studying the deep geological “roots”
of gas seeps. Figure 7b shows the correspondence between the travel times of seismic
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waves from recorded remote earthquakes and travel–time curves constructed using the
ak135 model [37]. The figure demonstrates the correspondence of real arrivals of P-waves
from earthquakes to the ak135 travel–time curves for different focal depths. It can also be
seen that events with epicentral distances of up to 100◦ were recorded.

In the Arctic seas, tectonic processes are interconnected both with the release of
geofluids from marine sediments and with the state of underwater permafrost. Thus,
increased heat flow in the vicinity of active faults can lead to the thawing of a continuous
layer of permafrost, releasing the gas contained in it, as well as creating pathways for the
penetration of deep gas to the surface of the seabed. By analyzing seismic noise recorded
via OBSs, it is possible to determine whether there is a contrast boundary under the station
location, which can be associated with the top of underwater permafrost [22,38]. Figure 8
shows an example of HVSR (horizontal-to-vertical spectral ratio) curves calculated via the
workflow [22] using the records obtained in the Laptev Sea. There are resonance peaks,
indicating the presence of a reflecting boundary under the seabed.

Figure 6. Examples of waveforms and their Fourier spectra from earthquakes recorded in the Laptev
Sea: (a) a local earthquake (M = 2.6) in the Laptev Sea that occurred on 3 November 2018, 18:01:51, at
a distance of 154 km and (b) a remote earthquake (M = 6.3) that occurred in Japan on 8 January 2019,
12:39:31, at a distance of approximately 5000 km. On the Fourier spectra plots, the black lines indicate
the noise spectra before the arrival of the P-wave from the earthquake, and the red line indicates the
spectra after its arrival.
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Figure 7. (a) Cumulative recurrence curves for the Laptev Sea shelf: blue circles and fitting line—from
the combined ISC regional catalog [39], US Geological Survey [40], and the Russian Earthquakes
database [41]; red circles and fitting line—the same with the addition of events recorded via OBSs in
2018–2019. (b) P-wave travel–time curves constructed using the ak135 model [37] for depths of 0 km
(the red line), 150 km (the blue line), and 500 km (the purple line) with plotted symbols corresponding
to the arrivals of the P-waves of remote earthquakes recorded in the Laptev Sea (circles—in the
2018–2019 season, triangles—in the 2019–2020 season).

 
Figure 8. Example of HVSR curves calculated for OBS records of 6–8 h duration obtained on the
Laptev Sea shelf on 25 October 2019. The thick solid line is the curve of the average values, while the
thin dashed lines are the curves of the maximum and minimum values.

4. Features of Seismographs’ Deployment in the Arctic Seas and Seafloor
Seismic Records

4.1. Deployment Schemes and Workflows

In order to ensure the effectiveness and quality of experiments with OBSs in the Arctic
seas and reduce the likelihood of instrument loss, it is necessary to take into account climatic
conditions, bathymetry features, the ice conditions at the proposed location of the station,
as well as the assigned tasks and the desired recording duration. If it is necessary to ensure
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the operation of an OBS network for a long time (several months or longer), then special
attention should be paid to the dynamics of the ice cover.

In many seas of the Arctic Ocean, such as the Laptev Sea, the East Siberian Sea, or the
Chukchi Sea, navigation is only possible for 1–2 months a year. Sometimes some straits are
blocked with ice all year round—for example, this often happens with the Vilkitsky Strait.
Thus, a situation is possible when it will be possible to get to the place of OBS deployment
by ship only in a year or even several years. In this case, completely relying on the acoustic
release mechanism to dismantle the OBS is impractical due to the limited power resources
in the stations.

At shallow shelf depths of up to 100 m, this problem can be solved by providing the
possibility to recover OBSs via trawling. Figure 9 shows examples of the corresponding
deployment schemes that we used in the Arctic seas. These schemes assumed the presence
of a piece of rope laid out on the bottom between the OBS and the ballast. The ballast could
also be accompanied by an acoustic system for its release and popping up of buoys with the
end of a rope that is also tied to the OBS (Figure 9a). One of the advantages of such schemes
is the permissibility of a large weight of the station since it is not expected to float. This
allows for equipping the station with a large number of batteries for long-term operation,
as well as a rigid bounding with heavy ballast to improve the coupling of the OBS to the sea
soil. This coupling improves the quality of seismic recordings. Another advantage of such
schemes is the ability to install additional devices, such as ADCPs (acoustic Doppler current
profilers), CTD (conductivity, temperature, and depth), wave recorders, thermistors, and
plexiglass plates for biofouling. This significantly expands the range of solving scientific
problems. For example, the presence of wave recorders makes it possible to study in detail
the influence of sea waves on the characteristics of seafloor seismic noise [21,22]. Biofouling
plates make it possible to conduct studies of bottom fouling that are unique to the Arctic
seas [42].

With all the advantages of the described schemes, there are some significant nuances.
Thus, for deploying the OBS, it is advisable to choose the flattest seabed areas. Sandy soils
are preferable to clay and silt soils because devices can become bogged down in them. One
should very carefully save the installation coordinates of the OBS and the ballast, preferably
with a handheld GPS navigator directly above the place and at the time of installation.
Without all this, the successful recovery of stations via trawling is impossible. It is also
recommended to choose areas with a sea depth of at least 40 m since, at the seabed, up
to several tens of meters deep, a large number of plow marks left from stamukhi were
found [43,44]. At depths of more than 80–100 m, the probability of successful trawling also
decreases. When installing according to the presented schemes, several joints of individual
elements occur, so attention should be paid to avoiding increased galvanic corrosion in
places where different metals are attached. Such corrosion, for example, can occur when
fastenings made of galvanized and stainless steel come into contact.

The installation of equipment on the seabed in accordance with the schemes presented
in Figure 9 is carried out while a ship is drifting. Figure 10 shows three stages of the
deployment process: first, the OBS is carefully lowered on a rope to the seafloor (the first
fixation of the exact coordinates). Then, the rope is laid out in the drift, and at the final
stage, the ballast is dropped (the second fixation of the exact coordinates). Recovery via
trawling is carried out carefully in several stages (Figure 11): First, the vessel lowers a
system of several grapnels to the bottom on a rope that does not reach 100–200 m before
the intersection of the rope line between the OBS and the ballast. Then, laying out the cable
with the grapnels, at a low speed of 3–5 knots, the ship crosses the rope line perpendicularly.
After this, the vessel stops and is fixed in one position. Then, the cable with the grapnels is
pulled out with a winch. If unsuccessful, the procedure is repeated on another tack.
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Figure 9. Deployment schemes used for non-pop-up OBSs on the shelf to depths of 100 m: (a) using
submerged buoys and an external acoustic release, (b) without using submerged buoys and an
external acoustic release, and (c) using additional measuring devices.

At sea depths of more than 100 m, only pop-up OBSs are suitable for observation. In
order to use them, it is necessary to carefully select the installation site, making sure that
researchers can certainly approach the installation site on a ship before the power supply to
the station runs out. Figure 12 shows a workflow of the installation of pop-up OBSs using
a mechanical or automatic pelican hook at a low vessel speed of 3–5 knots and a workflow
of the dismantling of the OBSs via releasing ballast after an acoustic signal.

For the short-term recording of seafloor seismic noise and the subsequent application of
the HVSR (horizontal-to-vertical spectral ratio) method, a seismic station must be installed
for a period of from several minutes to several hours, depending on the frequency response
of the equipment [45]. For such observations at sea, it is more convenient to use a pop-up
OBS, moving the ship away from the deployment site to minimize noise from the ship. If
only a non-pop-up OBS is available, then it is enough to lower it to the bottom in accordance
with the scheme shown in Figure 13, controlling it with a rope throughout the registration
period. In this case, it is better to use a long rope and intermediate ballast between the OBS
and the vessel, thus minimizing the parasitic noise associated with the influence of the
vessel on the rope. The ship must be held precisely at one point to avoid pulling on the rope
and preventing the rope from getting caught in the propellers. Processing seismic records
obtained in this way requires the mandatory consideration of hydroacoustic noise from the
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vessel, the characteristics of which depend primarily on the size, number of blades, and
rotation speed of the ship’s propellers [46].

Figure 10. The workflow of deploying non-pop-up OBSs on the shelf to depths of 100 m: (a) lowering
the station to the seafloor, (b) laying out a rope on the seafloor in a drift, and (c) dropping the ballast.

 

Figure 11. The workflow for dismantling non-pop-up OBSs on the shelf using the trawling method.
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Figure 12. The workflow for deploying (a–c) and dismantling (d–f) pop-up OBSs.

Figure 13. A scheme for the short-term installation of non-pop-up OBSs on the shelf in order to
measure seafloor seismic noise using the HVSR method.

Such seismic noise measurements can be obtained from ice (Figure 14). Obviously, it
is only possible from fast ice that does not experience large displacements. The position of
the OBS plays an important role—if it is tilted or turned over, the registration results will
not be indicative.
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Figure 14. A scheme of the short-term installation of OBSs on the shelf through holes in the ice.

The scheme presented in Figure 14 is poorly suited for long-term seismological mon-
itoring. A specialized seismic station (Figure 4) has been designed for freezing into the
ice while a hydrophone on a cable is lowered into a hole in the ice to a depth of 20 m.
Deepening the housing makes it possible to create a relatively stable operating temperature
inside the container that does not fall below −30 ◦C [47]. The durable housing protects
the equipment from water and avoids possible deformation due to ice and exposure to
animals. The container is also accompanied by a replaceable battery pack, a GPS antenna
for synchronizing the internal clock of the recorder and determining current coordinates,
as well as a wireless data transmission modem with a sectoral antenna for organizing
a wireless bridge, together with a circular antenna located in a camp on ice or a frozen
icebreaker at a distance up to 5 km or more (Figure 15).

 

Figure 15. A scheme for deploying a seismograph on ice.

4.2. Characteristics of Seafloor Seismic Noise

In order to process seismic records for earthquake searching or determining the
reflecting boundary in the upper part of a geological section, it is necessary to know the
characteristics of natural seismic noise at the OBS deployment site. Seismic noise on the
seabed, especially in the Arctic seas, has a number of specific characteristics. Figure 16
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shows noise power–spectral density (PSD) curves obtained on the Laptev Sea shelf for two
recording periods: 15 October 2018–31 October 2018, when the sea was still free of ice, and
1 November 2018–15 November 2018, when, for a short period of time, solid ice formed
above the installation site. Figure 17 shows the corresponding time dependence of ice
concentration obtained from the reanalysis data [48]. Figure 16 shows a sharp decrease in
the noise level after ice formation in almost the entire frequency range of the seismograph,
especially in the range below 6 Hz, apparently due to the smoothing of wind-induced
gravitational sea waves via ice. This observation led to the conclusion that seismological
monitoring using OBS on the shelf of the Arctic seas is preferably carried out during a
period of time when there is ice cover above the stations.

Figure 16. Seismic noise PSD curves recorded on the Laptev Sea shelf during the periods of
15 October 2018–31 October 2018 (left) and 1 November 2018–15 November 2018 (right). The solid
red lines indicate the curves of the NHNM (new high-noise model) and NLNM (new low-noise
model) [49], while the red dotted lines indicate the extension of the NHNM and NLNM according
to [50]. The color indicates the probability of finding the noise curve in a certain area of the graph.

Figure 17. Ice concentration curve according to EUMETSAT reanalysis (mesh size: 25 km) [48] for
the period of 15 October 2018–15 November 2018 for the closest node to the location of the OBS that
corresponded to the PSD curves shown in Figure 16.
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In general, the spectral characteristics of seabed seismic noise show that records
obtained on the shelf are very noisy, which significantly complicates their processing. In
the frequency range from 0.1 to 2 Hz, the noise associated with primary and secondary
microseisms dominated [25,51,52], as well as their overtones. The presence of a series of
additional maxima, which are especially prominent in the upper left graph in Figure 16,
indicates a resonance effect that enhanced the tilting of the OBS under the influence of
wind gravity waves. It is interesting that the noise associated with wind waves decreased
significantly with the appearance of ice but was still present—this can also be seen in
Figure 16. However, the dominant source of seafloor seismic noise during the period of
time when ice was present became longer-period (30–300 s) infragravity waves [22], which
are apparently capable of deforming extensive ice fields.

Figure 16 also shows a stable maximum in the vicinity of 9–10 Hz, in some cases
also with additional overtones. The frequency range of 5–10 Hz is often associated with
the so-called coupling effect—parasitic oscillations that occur in the station–ballast–soft
sediment system [25]. Moreover, these parasitic oscillations intensify at high wind speed
values—Figure 18 shows a spectrogram of a fragment of a seafloor seismic record and
its comparison with the corresponding time dependence of wind speed obtained from
reanalysis data [53].

Figure 18. Time dependence of wind speed for the location of the OBS in the Laptev Sea obtained
as a result of the ERA5 reanalysis [53] and its correlation with the seafloor seismic noise level at the
same point shown in the spectrogram—two record fragments (a,b).
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5. Conclusions

This paper reveals the features and difficulties of seismological observations in the
Arctic seas. The following main results of the work and the following conclusions can
be formulated:

1. The characteristics of ocean-bottom pop-up and non-pop-up seismographs, as well as
stations for deployment on ice, were described in detail. The results of the deploy-
ments demonstrated that the characteristics of the stations make it possible to reliably
record both high-frequency signals from local earthquakes and low-frequency signals
from distant earthquakes on the shelf and continental slope of the Arctic seas.

2. Various schemes for seismic stations’ deployment were described. It was concluded
that the preferred schemes for deploying OBSs are those in which their subsequent
dismantling does not depend on their power resources. Usually, such schemes provide
for the possibility of dismantling stations via trawling and are suitable for shallow
sea depths of up to 100 m. The advantages of such schemes include the possibility of
installing additional hydrophysical and hydrobiological equipment, such as ADCP,
CTD, thermistors, wave recorders, and biofouling plates.

3. The nuances of offshore work on the installation and recovery of equipment were
outlined. It was concluded that particular attention should be paid to planning the
recovery of seismic stations due to possible difficulties associated with the passage of
a vessel to the deployment site due to unfavorable ice conditions. When deploying
an OBS, it is advisable to choose the flattest seabed areas. Sandy soils are preferable
to clay and silt soils because devices can become bogged down in them. Attention
should be paid to avoiding increased galvanic corrosion in places where different
metals are attached.

4. The features of seabed seismic records in the Arctic seas were demonstrated. It turned
out that seabed seismic records are characterized by a high level of noise, especially
during periods of time when there is no ice cover. Therefore, it is recommended to
deploy OBSs for periods of time when ice cover is present. Seismic noise is caused by
wind gravity waves, infragravity waves, and the coupling effect, and it also strongly
depends on meteorological conditions, primarily on wind speed. The frequency range
of the prevailing noise significantly overlaps with the frequency range of signals
from both weak local earthquakes and strong distant ones. This must be taken into
account when searching for and processing signals from earthquakes obtained in the
Arctic seas.
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Abstract: The spatial distribution of sediments on the seafloor reflects the various dynamic processes
involved in the marine realm. To analyze sediment transport patterns in the North Aegean Sea,
323 surficial samples were obtained and studied. The granulometry data revealed a diverse range of
grain sizes of surficial sediments, ranging from purely sandy to clay. The predominant size classes
were silt and muddy sand, followed by sandy silt and mud. However, there were very few samples
that fell within the clay classes. The sorting coefficient ranged from 0.21 to 5.48, while skewness
ranged from −1.09 to 1.29. The sediment transport patterns were analyzed based on the grain-size
parameters (mean, sorting, and skewness). The results showed the variability of flow parameters
involved in sediment distribution. River influx and longshore drift near the shoreline are the most
significant factors affecting sediment transport. At the open sea, sediment distribution is mainly
controlled by general water circulation patterns, especially by the outflow of low-salinity waters
from the Black Sea through the Dardanelles and the Marmara Sea. The heterogeneity of sediment
textural parameters across the study area suggests that seafloor sediments are further reworked in
areas where water masses are highly energetic. It can be concluded that open sea water circulation
controls sediment distribution patterns at the open shelf, while close to the coast, river discharge
plays a key role.

Keywords: sediment transport; Aegean Sea; grain size parameters

1. Introduction

Sediment distribution in the marine realm is the result of various processes described
by the general term, sediment dynamics. Various factors are involved in the process of
sediment transport and deposition including sediment supply sources, coastal processes
(waves, prevailing winds, storm surges, etc.) water depth, seafloor topography, marine
water circulation, physical and chemical properties of marine water (salinity, temperature),
biogenic alteration, etc. The dynamic conditions of the system result in a continuous
reworking of sediments with cycles of remobilization and redeposition. In terms of hydro-
dynamics, various mechanisms have been proposed. In the shoreline winds, storms and
waves [1] can set sediment into a moving state in various ways (collisions between individ-
ual sediment grains, and effect of fluid stresses on individual sediment grains), as proposed
by Bagnold [2]. Sediment in suspension can remain in motion for long periods due to
various processes governed by fluid mechanics laws (diffusion, advection, convection). In
the deeper parts of the basin floor, where coastal processes are less intense, gravity currents
can also control sediment distribution. These currents can be the result of salinity contrasts,
temperature differences, and sediment load differences and are associated with gravity
flow deposits [3]. Other factors that affect sediment transport are the biochemical processes
that can play a key role in the behavior and textural characteristics of grains. As described
by Lee et al. and Cieśla et al. [4,5], the organic matter composed by living organisms
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can be absorbed by suspended sediments resulting in the stabilization or flocculation of
sediments. This affects the grain-size properties of sediment by producing aggregates of
fine material.

The aforementioned processes have a direct imprint on the textural parameters of
sediments. In this context, various researchers have tried to uncover sediment transport
processes by proposing ways to quantitively identify the spatial variations in the grain-size
parameters (mean size, sorting, skewness). The first attempts were based in the assumption
that mean grain size is reduced in the direction of sediment transport [6] (1972) but this
approach was finally assessed as weak. McLaren [7] combined mean size, sorting, and
skewness and proposed that in the direction of sediment transport will have a better
sorting and a positive skewness while it is possible to become finer or coarser. McLaren
and Bowles [8] presented a modified approach of the previous work, concluding that
successive deposits in the direction of sediment transport will become either finer, well
sorted and more negatively skewed or coarser, or well sorted and more positively skewed.
Gao and Collins [9] identified that these are not the only possible cases and proposed
a modified model. The model assumes that the trend analyzed has a higher possibility
of occurrence in the direction of net transport than in other directions. It identifies the
possible net transport paths by comparing two neighboring sampling sites and employing
the three most commonly used grain-size parameters (m, s, and Sk) for trend analysis.
Through the comparison of grain-size parameters of the two neighboring sampling sites, a
dimensionless trend vector is defined, which has a unit length and an orientation that points
from the station with the higher sorting coefficient to that with the lower sorting value.
The grain-size trend vectors are generated for each sampling station and its neighboring
stations, and a single resultant vector is produced after summing the identified trend
vectors. The produced vector depicts the trend of sediment transport at the area that has
been sampled. A smoothing process is finally applied in order to reduce background noise.
This process averages the produced vector of the previous stage, taking into consideration
the neighboring sampling sites, and finally provides a residual vector. Net sediment
transport vectors methodology have maximized the utilization of grain size parameters
and have been used by various researchers to unlock sediment distribution patterns. In
this context, in the present study the methodology of sediment transport vectors has been
applied in the North Aegean region of the Aegean Sea. The available dataset is part
of the Hellenic Survey of Geology & Mineral Exploration (HSGME) of Greece database.
The Hellenic Survey of Geology & Mineral Exploration (HSGME) of Greece (the former
Institute of Geology and Mineral Exploration—IGME) has to exhibit a long period of activity
in the field of marine geological research. The HSGME marine geology geodatabase [10]
encompasses up to 25,000 km of bathymetry and seismic profiles, 3500 surface grab samples
(from the upper ~15 cm of the seafloor), and 1200 cores (up to 3.5 m long) analyzed at the
laboratories of HSGME, with a focus on sedimentology, and specifically, the distribution
of grain size and related statistical parameters [11]. Through the interpretation of this
data, sediment distribution maps (scale 1:200,000) have been constructed for the Aegean
region [12–14].

2. Materials and Methods

2.1. Study Area

The North Aegean (Figure 1) is a tectonically complex area dominated by the presence
of major structures, such as the North Aegean Trough, as a physical continuation of the
North Anatolian Fault [15], as well as by many other active faults; this complexity favoring
the accumulation of geological reserves (raw materials, hydrocarbons). Through this active
geological framework, the geomorphological features are in a dynamic state, as revealed
by various studies [16] depicting the significant modification during the Quaternary. These
processes have resulted in a variable configuration of the marine realm consisting of linear
and extended peninsulas (e.g., Chalkidiki), isolated gulfs (Thermaikos), and well-preserved
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continental plateaus incised by canyons and gullies that represent the past subaerial river
pathways of fluvial systems like Strymonikos, Nestos [17], and Evros.

Figure 1. Reference map where the red rectangle marks the study area. The bathymetry hillshade is
from the EMODNET database [18].

Regarding the composition of the sediments accumulating in the basin through the
aforementioned fluvial systems (Strymonas, Nestos, and Evros), as expected, the controlling
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factor lies in the subaerial exposures of Macedonia and Thraki districts geological forma-
tions, providing through erosion a variety of materials consisting mainly of post-Alpine
sediments, Eocene and Miocene granitoids, Triassic marbles, and Paleozoic gneisses. The
various processes involved in sediment transport are imprinted in the variety of grain-size
textures identified in the basin floor, where the entire range of grain sizes (gravely sands to
clays) have been identified [14,19]. Close to the coastal area, coarser fractions are dominant
(gravel and sand), while at the deeper parts, muddy deposits cover the seafloor.

In the western edge of the North Aegean area, corresponding to the Thermaikos
Gulf (Figure 1), the geographical features have contributed to the formation of a relatively
isolated gulf, protected from external influences. As a result of freshwater influx carrying
fine-grained material, there is a prevalence of fine-grained clasts such as silts and clays
in the area. Additionally, sandy material in the vicinity of the continental shelf has been
identified as relict pre-Holocene deposits through previous research [20–22]. The extent of
the continental shelf allows for the deposition of most of the material, while only a small
fraction travels to the deeper parts of the North Aegean basin. This fraction is transported
through the Sporades basin, an elongated basin that represents the western margin of the
North Aegean Trough.

The North Aegean continental shelf, located to the east of the Chalkidiki Peninsula, is
a relatively flat plateau with limited variations in its morphology. However, the sediment
types present in this region vary significantly, with sand fractions exceeding 40% of the
analyzed sediment, thus being of particular interest for raw material exploitation, according
to sources [13,23,24] (Figure 2). The distribution of sediment in this region is influenced by
hydrodynamic conditions, with fine-grained sediments dominating in low-energy areas
and significant sand content in other regions. The highest sand content, exceeding 90%, is
observed near the Evros River, Samothraki Island, and between the mainland and Thassos
Island. Conversely, the Strymonikos and Kavala Gulfs, the deepest areas of the shelf, and
the eastward region of the Athos Peninsula are characterized by mud types and fine-grained
sediments. The northeastern to southwestern parts of the North Aegean Sea is dominated
by fine-grained muddy sediments, the Sporades Basin is mostly covered by silt, while
sandy clays are found in the Skyros Basin.

Given the variations in sediment distribution in this region, it is crucial to estimate
sediment transport patterns using granulometry data from surficial samples. This is
not only important for rare earth element mining but also for the placement of various
infrastructures on the seafloor, such as cables and anchored offshore windmills. There-
fore, the goal of the present study is to provide a detailed analysis of sediment trans-
port patterns in the North Aegean Sea, enabling better planning and utilization of the
region’s resources.

2.2. Sampling Effort and Laboratory Testing

In order to identify sediment distribution patterns, a dataset of 323 point granulometry
data, from samples collected during previous field campaigns [14,25], was used. The study
area, comprising the northern coastal and open sea of Aegean (Figure 2), covered the region
between the Chalkidiki Peninsula and Samothraki Island. The marine environment in this
area is variable, ranging from the coastal zone to the shelf areas of Strymonikos and North
Aegean plateaus, reaching the shelf break. The sampling depths varied between 0.5 and
693 m. This area is tectonically active, being adjacent to the north Aegean Trough, and
exhibits several recent faults and various geomorphological features, such as submerged
valleys, slopes, plains, canyons, submarine fans, erosional features, and landslide areas.
The aforementioned geomorphological configuration, in combination with marine water
circulation, controls sediment transport, reworking, and redeposition and significantly
influences the seabed substrate.
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Figure 2. Sampling stations across the study area. Bathymetric contour lines are also shown. The
bathymetry hillshade is from the EMODNET database [18].

The deposition of coarse-grained sediments is favored in high-energy environments,
such as low-relief shallow areas. On the other hand, finer sediments are more likely to
accumulate in low-energy habitats where sediments can remain in suspension and reach
the most distant coastal areas. The continental shelf’s paleogeographic evolution is shown
in the two well-defined paleo-riverbeds of Strymon and Nestos, as identified by detailed
bathymetry and seismic profiling studies [17,26]. The onshore geology mainly consists of
post-Alpine sediments, Eocene and Miocene granitoids, Triassic marbles, and Paleozoic
gneisses [27], whose erosion products are transported offshore via the Strymon River in
the NW and a few streams elsewhere, controlling the sediment supply. The grain-size
data used for this paper (323 data points) are stored in the Marine Geology Database of
HSGME and include data collected from several expeditions carried out between 1979
and 2015 for national mapping and other research projects [10]. The sampling strategy
followed a grid based on regular spacing, bathymetry, and acoustic data. The sampling
effort varied from a few hundred meters in the shallower part to several kilometers in the
deep (Figure 2), with an average of 14.25 points per 100 km2, guided by expert knowledge
according to area complexity. The collection of physical samples (grab samples) followed
the HSGME Marine Geology Laboratory protocol, and all samples were analyzed in the
laboratory according to international protocols [28]. The textural parameters (mean grain
size, sorting, and asymmetry) were calculated using the graphical method of Folk and
Ward [29]. The results of the textural analysis (mean size, sorting, and skewness) were
then used to construct a two-dimensional sediment transport model that reflects sediment
transport pathways [7,8]. Net sediment transport patterns were calculated using Gao’s and
Collins’ [9,30] grain-size trend analysis. Similar studies from various aquatic realms address
the applicability of grain-size trend analysis [31–34]. This study utilized a two-dimensional
model developed by [30] to calculate grain-size trends. The model assumes that the trend
analyzed has a higher possibility of occurrence in the direction of net transport than in other
directions. It identifies the possible net transport paths by comparing two neighboring
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sampling sites and employing the three most commonly used grain-size parameters (m, s,
and Sk) for trend analysis. The comparison of grain-size parameters of the two neighboring
sampling sites, a dimensionless trend vector is defined, which has a unit length and an
orientation that points from the station with the higher sorting coefficient to that with the
lower sorting value. The grain-size trend vectors are generated for each sampling station
and its neighboring stations, and a single resultant vector is produced after summing the
identified trend vectors. The produced vector depicts the trend of sediment transport at
the area that has been sampled. A smoothing process is finally applied in order to reduce
background noise. This process averages the produced vector of the previous stage taking
into consideration and the neighboring sampling sites and finally provides a residual vector.
The transport vector maps were produced using MATLAB’s GSTA model [35], designed
based on Gao’s FORTRAN program [36]. As input parameters were set the mean size,
sorting, and skewness of the 323 samples as presented in Table A1 of the Appendix A. The
scaling factor A, considering that the used projection is UTM 34N, was set to 1 [36] and the
characteristic distance DC was set to 16,000 m.

3. Results

3.1. Grain Size Analyses

The surface sediments were analyzed and classified using the Folk classification
method (Figure 3) [11]. The classification results were then plotted on a ternary diagram.
The spatial distribution of the sediment classes was estimated using the methodology
developed by [14]. Most samples lacked gravel components and were thus plotted onto a
Sand/Silt/Clay ternary diagram.

 

Figure 3. Ternary diagrams representing sample classification [11].

As shown in Figure 4, the eastern part of this study area has a more dominant sand
component, reaching up to 80%. This is due to residual sands previously identified in
the area during scientific expeditions by HSGME. Increased sand percentages also occur
northwest of Thasos Island and in patches near the Athos Peninsula coastline. At depths
below 120 m, the sand component decreases rapidly, consisting mainly of benthic and
planktonic calcareous skeletal debris. The silt component accumulates in a semicircular
depression extending from the east margin of Athos Peninsula to the southwest outer shelf
of Thasos Island. A similar trend, with slightly decreased silt component percentages,
characterizes the area between the Thasos and Samothraki islands. Silt is less than 30–40%
in the rest of the study area, while in sand-dominated areas, it does not exceed values
above 20%. The clay fraction is generally underrepresented in the study area, not exceeding
30–40%; however, in the vicinity of river mouths such as Strymon, Nestos, and Kompsatos,
the clay fraction reaches up to 50%.
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Figure 4. Spatial distribution of gravel–sand, silt, and clay ((a–c) respectively).
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3.2. Grain Size Parameters

The spatial distribution of the mean diameter of the surface sediments reveals two
trends (Figure 5a). Firstly, there is a trend of fining towards the deeper parts of the
study area, with a slight variation close to Stymonikos Gulf. Secondly, there is a trend of
coarsening towards the northeast. The mean diameter of the surface sediments ranges from
−0.85ϕ to 8.31ϕ.

Figure 5. Statistical parameters (mean, sorting, skewness) spatial distribution ((a–c) respectively).
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In the north of Samothraki Island, the mean diameters range from 2 to 4ϕ, correspond-
ing to medium to very-fine sand, respectively. Finer sediments are found in the perimeter
of this area, with mean size values ranging from 4ϕ to 8ϕ (very fine sands and silts). As
expected, in the depression between Athos and Samothraki, which is generally marked
by the 120 to 140-m bathymetric contours, finer sediments have been accumulated (5ϕ to
8ϕ). The sorting coefficients of surface sediment (Figure 5b) are generally grouped into
two classes—poorly sorted (1–2ϕ) and very poorly sorted (2–4ϕ). Poorly sorted sediments
are spatially distributed in deeper parts of the basin and partially in the Strymonikos Gulf
area. On the other hand, very poorly sorted sediments occur in a wide area, from Kavala
and Thasos Island towards the eastern margins of the study area. Few outliers (less than
15 samples) of moderately to well-sorted sediments occur generally close to the shoreline.
The skewness coefficients present a more complex pattern (Figure 5c). In the Strymonikos
Gulf area, sediments are generally symmetrical or fine-skewed, moving closer to the north-
ernmost coastline. Two trends were identified between Athos and Samothraki Island.
At the westernmost area, the sediments are generally fine skewed to symmetrical, while
eastwards, symmetrical to coarse-skewed sediments are deposited. Around Samothraki
and towards the north, fine-skewed to strongly fine-skewed trends dominate. Few patches
of symmetrical distributions occur.

Figure 6 displays cross plots of the sorting coefficient, skewness, and mean diameter.
Data were averaged within a range of one ϕ bin to identify any trends in these plots. The
results demonstrate that the sorting coefficient decreases from −1ϕ to 5ϕ. Samples with
mean grain sizes between −1ϕ and 0ϕ are moderately to very well sorted, while those
ranging from 0ϕ to 5ϕ are poorly to very poorly sorted. Conversely, a better sorting trend
is observed from 5ϕ to finer average values, resulting in a gradual improvement in the
sorting of fine-grained sediments close to 1.5ϕ (poorly sorted). Furthermore, skewness
exhibits a correlation with the mean grain diameter. Coarse-grained sediments (up to 0ϕ)
are generally symmetrical, with a few outliers (2 samples) exhibiting strong negative or
positive skewness. Up to 5ϕ, skewness shows a clear positive trend, as the examined
samples generally have values greater than 0.3. However, skewness values decrease from
5ϕ to finer sediments, resulting in a coarse to strongly coarse skewed trend, as the samples
exhibit finer average grain sizes.

 

Figure 6. Statistical parameters correlations. The coloring of the various groups of Y-Axis is consistent
with the classification presented in Figure 5.

3.3. Sediment Transport Patterns

Following Gao’s [36] methodology, a sediment transport map was designed with
transport vectors in each sampling site. Before analyzing the vector transport directions, a
statistical test for an assessment of the significance of the produced vectors was conducted
in 246 out of 323 samples (covering the region Thasos—Alexandroupoli), by comparing
the characteristic vector length of the analysis with the averages of randomly distributed
samples in the study area. The characteristic vector length is practically the average length
of the vectors that have been calculated for each sampling site and for the examined area,
has a value of L = 1.9613. The process was based on the following steps: (a) using Excel Vba
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coding, each grain-size analysis was randomly reallocated in a different sampling site by
generating a sequence of random numbers (1 to 246). If, for example, a sample numbered as
1 was located in a site with coordinates x: 610,969 and y: 4,529,442, by randomly assigning
the number 63 it was reallocated in a site with coordinates x: 656,838 and y: 507,446. This
process was repeated 100 times producing 100 randomly distributed datasets. (b) For each
dataset transport vectors were produced and the average for each dataset was calculated.
(c) The frequency of the 100 datasets (Figure 7a) was used to generate a normal distribution
curve in order to calculate the critical values L90, L95, and L99 (Figure 7b,c,d respectively).
The real dataset characteristic length was then statistically tested for significance with
aforementioned critical values. According to the statistical test (Z test), the estimated
transport vectors are significant in a 0.1 and 0.05 level (for 90% CI z = 4.13 > 1.645, 95% CI
z = 2.69 > 1.96) and it is not significant for 0.01 level (for 99% CI z = 0.05 < 2.58). According
to Davis [37] a confidence interval of 95% is acceptable for testing the significance of
a dataset.

 

Figure 7. (a) Histogram of the average vector length of the 100 randomly distributed datasets.
(b) Estimation of vector length L90 for a significance level of 0.1. (c) Estimation of vector length L95
for a significance level of 0.05 and (d) Estimation of vector length L99 for a significance level of 0.01.
The red part of the plots corresponds to the critical area for the significance tests.

The analysis of grain-size trends has revealed a complex sediment transport network
(Figure 8), highlighting the different processes that control sediment distribution in the
marine environment. In the eastern part of the study area, sediment transport is mainly
towards the north or northeast. Transport vectors are oriented towards the west or east
near the coastal area. In the easternmost area, close to Alexandroupoli, the NNE trend
is sustained for a long distance. Strong N-NE transport patterns have been identified
along Thasos Island’s eastern and northern coastline. Thasos’s western and southwestern
coasts show W-SW trends similar to the sediment transport vectors estimated for the open
marine area westwards of Thasos. In the periphery of the semicircular depression defined
by the Athos Peninsula and Thasos Island, the vector pattern is radial, with sediment
transport directed towards the deepest central part of the depression. Between Thasos and
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Samothraki, especially near the margins of the North Aegean Plateau, sediment transport
vectors are less significant, in terms of vector length.

Figure 8. Net sediment transport pattern across the study area.

The direction of sediment transport is not always the same as the direction of river
flow, especially in areas near river deltas where sediment inflow is higher. For instance, in
the Strymon River delta, the vectors indicating sediment transport have a weak tendency
towards the south-southeast. On the other hand, in the Nestos River delta, sediment
transport vectors are oriented towards the north-northeast. Finally, in the case of the
Kompsatos River, net transport vectors align with the direction of sediment inflow.

4. Discussion

4.1. North Aegean Water Circulation Pattern

Various factors, such as sediment sources, hydrodynamic conditions, and topography
features, influence the distribution of grain-size parameters in an area. In the Aegean region,
the circulation pattern is driven by a thermohaline circulation close to the surface that
involves the outflow of low-salinity water from the Black Sea (salinity ranging from 22.50 to
27.50 psu and an influx of 5.000 to 15.000 m3/s [38]) and the inflow of freshwater from rivers
that flow into the Aegean [39] (Figures 9 and 10). Additionally, the Aegean region receives
saline water from the eastern Mediterranean. In the northern Aegean, the river runoff
controls the sediment distribution in close sub-basins such as Thermaikos Gulf [40–42]
which are not exposed neither to the open water’s circulation of the Aegean nor to the
influx of Black Sea water masses. Studies conducted in the area [38] support the idea that
the water masses from the Black Sea that enter the northern Aegean region dominate the
combined effect of all freshwater influx (annual river water influx according to [38] has
been estimated to 50 m3/s for Nestos and 100 m3/s for Strymonas and Evros respectively).
This influx explains the lower salinities in northern Aegean [38,43–45]. Seasonal variations
occur in the water circulation pattern. However, the general context is that the circulation
in the Aegean Sea is controlled by the buoyancy input from the Black Sea to a lesser degree
in North Aegean (except Thermaikos Gulf) by the river discharge, and the effects of winds
in the region. The overall tendency of the buoyancy force is to create a cyclonic circulation
around the Aegean. Another significant process is the transportation of dense waters
formed on the shallow parts during the cold winter months that slowly descend toward the
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deep basins. According to [43], dense waters originating from the north Aegean shelf areas
can generally remain in the adjacent deep basins for long periods. Due to their thickness,
separating sills exceeding the bottom layer’s depth impede flow.

 

Figure 9. (a) Generalized water circulation pattern where the flow circulation vectors of the various
research are also shown [39,46,47]. (b) Vertical salinity distribution across section AB for winter
(modified from [38]). (c) Vertical salinity distribution across section AB for summer (modified
from [38]).

 

Figure 10. (a) Surface salinity during winter. (b) Surface salinity during summer (modified from [38]).

4.2. Water Circulation Pattern and Sediment Transport

Sediment transport patterns can provide insights into the complexity of water circula-
tion and the influence of basin topography. The area located northwards of Samothraki
Island, as defined by the direction of transport vectors, is predominantly influenced by the
north Aegean gyre. The transport vectors exhibit a consistent N-NE orientation, which
is aligned with the flow trend of the gyre in this specific area. The impact of the gyre is
also reflected in the spatial distribution of sediment components and statistical parameters.
The data suggest that sediments in the gyre area are predominantly sand, and skewness
values are symmetrical or coarse skewed, indicating that fine fractions are transported
northwards, following reworking. Near the coast, the impact of the gyre diminishes, and
longshore drift becomes the dominant factor, as indicated by the transport vector trending
parallel to the coast. A more complex and difficult-to-assess pattern regarding sediment
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transport is persistent in the area defined as NE of Samothraki to the Alexandroupoli coast.
The dominant trend towards the northeast suggests that masses of low salinity, such as
those dispersed in the area (Figure 10a,b), combined with the north Aegean gyre, result
in a composite transport vector that forces fine-grained sediment towards the coast. This
process is reflected in the increased clay component in the specific area (Figure 4).

In the studied region, sediment transport vectors exhibit bidirectional shifting towards
the northwestern and northeastern directions between Samothraki and Thasos islands. A
sector with less significant sediment transport vectors is identified where the BSW and
North Aegean gyre are clearly separated and follow northwestern and northeastern direc-
tions, respectively. Sediment transport vectors become more intense in areas where the
plume of low-salinity water expands on the shelf regions, and the depth decreases. Along
the eastern coast of Thasos, BSW circulation is consistent with sediment transport vectors.
On the northern coast of Samothraki, there is a complex situation where sediment trans-
port vectors are moving towards the northeast despite the low-salinity plume expanding
towards the west. This situation can be attributed to the combined effect of Nestos River’s
outflow and the Black Sea Water (BSW) fluxes, resulting in a configuration that shifts the
transport vectors towards the northeast.

The region between the Thasos and Athos Peninsula displays a radial pattern in the
areas near the shelf break. The fine-grained sediment from the shelf (mainly silts) is re-
deposited at the deeper parts of the morphological depression, where water circulation
is reduced, and stagnant conditions are prevalent. This regime is also supported by the
small length of the net transport vectors. This supports [43]’s hypothesis that dense waters
formed in shallow areas during the cold winter months are transported to the deep sea,
ultimately remaining in adjacent deep basins for prolonged periods due to the difficulty in
flowing over separating sills that exceed the thickness of the bottom layers. Consequently,
sediment transport vectors in the area are insignificant. At the open shelf to the coast region,
sediment transport patterns are generally consistent with the flow trajectories proposed
by [39]. The significance of net transport vectors may not be as prominent as those affected
by BSW or North Aegean gyre. However, assessing the controlling factors that impact
sediment dispersal is still essential. Close to the coast, the outflow of the Strymon River
leads to a group of vectors trending towards the south, despite the fact that the length
of the vectors indicates a weak trend of sediment reworking by this process. In Ierissos
Gulf, the transport vectors steadily trend toward the W, consistent with the prevailing
wind direction [48]. This results in a washout of the suspended fine-grained material,
accumulating in the coastline, as indicated by the mean phi values in the specific area
(Figure 5a). Lastly, the net transport vectors in the area defined by the northern coast of the
Athos Peninsula (northwards of Ierissos Gulf) reflect the outflow of two local-scale river
streams, resulting in N or NE directions.

5. Conclusions

Multiple factors, such as the sources of sediment, hydrodynamic conditions, and
topographical features, influence the distribution of grain-size parameters in a particular
area. The complex net sediment transport patterns in the North Aegean basin have been
identified by analyzing statistical parameters like mean size, sorting, and skewness. These
patterns reveal the contribution of various hydrodynamic factors and their impact on
the area.

The sediment distribution in the central and eastern parts of the study area is primarily
influenced by two factors, namely, the north Aegean gyre and the Black Sea water mass
(BSW), which enters the Aegean space through the Marmara Sea. The BSW, characterized
by low-salinity waters, generates a plume that spreads towards the W-NW. As this plume
reaches lower depths at the shelf areas, it triggers a reworking of basin floor sediments,
reflected in the measured net transport vectors. The north Aegean gyre also favors sediment
reworking, as net transport vectors are generally oriented with the direction of the gyre.

203



J. Mar. Sci. Eng. 2024, 12, 512

In the shallow water coastal areas, the dominant process is the longshore drift, which is
indicated by vectors that trend parallel to the coast.

The net transport vectors are insignificant in the deeper parts of the basin beyond
the shelf edge, indicating the formation of stagnant conditions. This is due to the
gradual movement of cold, dense waters downslope, which become trapped in the
deeper parts and remain there for long periods. This process helps to maintain the initial
textural characteristics of the accumulated sediments on the basin floor, preventing
further reworking.

In the western part of the study area, two processes dominate the sediment distri-
bution pattern. Near the shelf edge, the circulation of bottom seawater (BSW) plays a
significant role, while in the shelf–coastal areas, the outflow of rivers is more important.
In small gulfs such as Ierissos, the direction of prevailing winds also contributes to
sediment distribution.

Regarding the significance of sediment distribution patterns, the area where transport
vectors suggest the intense reworking of sediments could potentially favor the enrich-
ment of sediment in placers, considering that minerals are not so mobile. Such an area
has been identified northwestern of Samothraki, where sand component is dominant
implying the wash out of finer material. The composition of placers in the specific area
is under research. Sediment transport is also important in terms of the existing and
planned infrastructures. The eastern part of the study area accommodates underwater
cable systems for telecommunications and electric energy transport, while a major cable
project is planned for the connection of the northeastern Aegean islands with the Na-
tional System of Electricity Transport. Finally, the identification of the seafloor sediment
dynamics in this area is crucial given that in the easternmost part of the Samothraki–
Alexandroupoli shelf is a priority area for the potential installation of anchored offshore
windfarms, and thus desktop studies for underwater foundations and electricity transport
are in progress. Sediment transport vectors can help identify areas where cables or the foun-
dation of the aforementioned infrastructures can be exposed or even damaged by intense
sediment reworking.
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Appendix A

Table A1. Grain-size parameters.

ID x y Mean Sort Skew

1 564,117 4,495,734 2.12 0.21 1.29

2 565,142 4,499,443 2.51 0.41 0.1

3 564,877 4,502,987 0.47 0.45 −0.25

4 664,621 4,521,654 3.5 0.48 0.06

5 561,735 4,513,753 2.51 0.52 −0.02

6 662,132 4,522,987 3.5 0.55 0.03

7 572,623 4,526,958 1.3 0.59 −0.11

8 564,133 4,507,607 3.06 0.61 −0.11

9 561,072 4,494,629 2.75 0.62 0.2

10 571,002 4,525,247 3.17 0.63 −0.15

11 604,855 4,531,510 3.42 0.65 −0.06

12 622,224 4,528,077 −0.85 0.68 0.61

13 568,684 4,522,757 2.65 0.68 0.03

14 584,505 4,531,557 0.14 0.72 −0.08

15 632,223 4,485,682 −0.05 0.77 −1.09

16 627,886 4,484,681 −0.39 0.81 0.19

17 538,723.7 4,468,109 5.83 0.82 0.38

18 530,532.2 4,481,180 6.44 0.86 0.2

19 620,525 4,518,866 7.08 0.89 −0.23

20 520,544.2 4,481,179 6.47 0.97 0.2

21 653,457 4,523,264 3.98 0.99 0.32

22 543,395.6 4,475,578 6.34 1.11 0.26

23 515,674.6 4,474,244 6.34 1.12 0.04

24 536,425.5 4,486,993 6.92 1.12 −0.52

25 539,524.2 4,480,960 5.95 1.13 0.43

26 576,686 4,530,084 2.84 1.15 −0.61

27 599,227 4,497,661 7.16 1.15 −0.16

28 643,503 4,480,647 −0.04 1.16 0.43

29 516,552.9 4,481,735 6.22 1.17 −0.11

30 621,283 4,521,277 7.3 1.18 0.05

31 620,447 4,521,096 7.31 1.18 0.03

32 521,826.1 4,477,227 6.46 1.18 0.15

33 580,491 4,479,024 6.82 1.19 0.09

34 524,872.9 4,473,734 6.18 1.19 0.21

35 507,686.6 4,486,452 6.54 1.19 0.12

36 579,912 4,491,104 5.86 1.25 −0.39

37 614,096 4,525,320 7.23 1.26 −0.12

38 545,347.7 4,469,495 5.98 1.27 0.31

39 650,533 4,477,987 1.67 1.28 0.19
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Table A1. Cont.

ID x y Mean Sort Skew

40 565,173 4,522,571 3.04 1.28 0.26

41 504,645.3 4,493,972 7 1.28 −0.18

42 573,619 4,475,900 7.21 1.29 0

43 617,571 4,521,085 7.22 1.31 −0.11

44 531,091.4 4,468,284 6.05 1.32 0.32

45 597,344 4,479,903 6.98 1.34 −0.2

46 668,092 4,518,492 3.95 1.35 0.54

47 657,933 4,522,124 3.97 1.36 0.57

48 660,789 4,520,088 4.38 1.37 0.47

49 491,560.1 4,477,278 7.18 1.37 0.01

50 664,646 4,514,250 7.51 1.38 −0.09

51 492,158.7 4,493,472 7.16 1.38 −0.07

52 512,381.4 4,495,458 6.82 1.4 0.18

53 481,810.7 4,509,859 7.33 1.41 0.11

54 522,251.5 4,500,630 6.28 1.42 0.24

55 656,900 4,515,623 8.08 1.43 −0.21

56 487,873.2 4,482,525 7 1.44 −0.19

57 657,604 4,521,038 4.29 1.45 0.56

58 631,609 4,472,824 1.22 1.46 0.38

59 626,452 4,518,931 6.86 1.46 −0.37

60 635,417 4,484,814 0.92 1.48 0.45

61 591,374 4,534,106 1.05 1.49 0.17

62 558,846 4,493,686 4.46 1.49 0.42

63 554,411.7 4,469,214 6.58 1.49 0.29

64 535,054.8 4,475,005 6.42 1.5 0.24

65 542,773.5 4,511,316 2.24 1.51 0.03

66 587,523 4,475,865 5.86 1.54 −0.28

67 522,080 4,486,185 6.88 1.55 −0.04

68 663,687 4,516,233 7.15 1.57 −0.06

69 598,300 4,532,038 0.04 1.58 0.03

70 586,382 4,490,871 7.45 1.58 −0.03

71 668,183 4,514,483 7.52 1.58 −0.04

72 566,111 4,496,214 3.08 1.59 0.35

73 478,119.4 4,507,424 7.23 1.59 −0.05

74 594,319 4,495,593 6.25 1.6 −0.16

75 585,973 4,495,801 6.93 1.6 −0.31

76 496,246.8 4,503,711 6.83 1.61 −0.17

77 495,485.8 4,497,867 7.03 1.62 −0.21

78 575,958 4,521,287 7.62 1.63 −0.15

79 647,569 4,483,503 7.38 1.67 −0.11

80 508,892 4,493,121 6.68 1.67 0.24
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81 648,567 4,471,734 6.87 1.68 0.22

82 608,251 4,531,252 0.31 1.69 0.2

83 630,399 4,521,338 6.32 1.69 −0.67

84 501,636.3 4,500,436 6.99 1.69 −0.11

85 666,081 4,516,162 7.56 1.7 −0.34

86 487,496.9 4,466,948 4.91 1.7 0.35

87 516,467.1 4,506,008 6.62 1.7 0.01

88 632,470 4,523,336 6.45 1.71 −0.06

89 508,583.4 4,475,158 6.08 1.71 −0.1

90 650,488 4,519,531 7.79 1.72 −0.29

91 648,645 4,488,614 7.86 1.72 −0.33

92 612,766 4,518,982 8.31 1.72 −0.68

93 513,830 4,499,073 6.92 1.72 −0.04

94 571,450 4,522,476 7.06 1.73 −0.05

95 480,993.8 4,502,872 7.03 1.73 −0.16

96 666,463 4,512,746 7.56 1.74 −0.41

97 660,582 4,516,689 7.67 1.74 −0.27

98 594,415 4,488,039 8.24 1.74 −0.66

99 511,084.8 4,492,952 6.18 1.74 −0.11

100 641,097 4,482,959 0.93 1.75 0.42

101 563,372 4,494,956 3.45 1.75 0.47

102 565,626 4,497,906 3.78 1.75 0.34

103 495,900.1 4,482,883 2.15 1.75 0.25

104 632,567 4,516,899 2.83 1.78 0.28

105 614,182 4,518,784 6.83 1.78 −0.31

106 524,392 4,490,001 1.78 1.78 0.37

107 494,219.2 4,509,572 5.87 1.78 0.28

108 614,211 4,516,588 6.14 1.79 −0.42

109 519,773.5 4,469,054 5.27 1.79 −0.33

110 496,666.2 4,474,488 7.06 1.8 −0.08

111 519,143 4,472,329 6.55 1.81 0.2

112 547,067.3 4,482,398 1.52 1.82 0.29

113 535,175.7 4,500,982 2.32 1.83 0.23

114 512,642.3 4,474,267 6.5 1.83 0.03

115 661,975 4,519,435 4.66 1.84 0.63

116 667,413 4,517,396 7.16 1.84 −0.04

117 511,540.7 4,469,297 5.56 1.84 −0.23

118 647,640 4,509,570 2.6 1.86 0.27

119 578,494 4,491,862 6.66 1.86 −0.46

120 574,990 4,524,299 7.13 1.86 0.13

121 630,052 4,522,196 7.83 1.87 −0.37
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122 556,389 4,523,023 6.03 1.89 −0.16

123 623,600 4,521,188 6.79 1.89 0.14

124 630,593 4,516,862 2.78 1.9 0.21

125 664,328 4,519,024 6.48 1.9 0.32

126 610,969 4,529,442 7.29 1.9 −0.1

127 528,753.8 4,506,074 1.39 1.9 0.3

128 611,368 4,516,528 6.69 1.91 −0.52

129 570,588 4,495,021 7.29 1.91 −0.22

130 655,432 4,518,522 7.33 1.91 −0.04

131 562,258 4,521,312 7.03 1.92 0.09

132 541,984.6 4,506,608 2.05 1.92 0.05

133 635,420 4,516,931 2.85 1.93 0.35

134 563,884 4,522,714 5.14 1.93 0.46

135 655,327 4,476,332 1.94 1.94 0.34

136 488,431 4,511,368 7.35 1.94 0.07

137 655,058 4,502,781 1.69 1.95 0.17

138 561,205 4,492,780 6.75 1.95 −0.32

139 577,404 4,528,550 3.64 1.96 0.66

140 506,877.7 4,491,552 6.36 1.96 −0.06

141 565,310 4,520,260 6.21 2.01 0.41

142 564,144 4,519,787 6.86 2.01 0.06

143 568,149 4,517,201 6.89 2.01 0.06

144 666,286 4,520,610 7.36 2.01 −0.23

145 665,721 4,519,672 6.76 2.02 0.25

146 487,116.7 4,493,485 6.74 2.02 −0.35

147 610,429 4,469,538 0.94 2.03 0.14

148 611,256 4,522,984 7.42 2.05 −0.01

149 604,820 4,525,805 2.42 2.08 −0.05

150 622,653 4,509,270 2.46 2.08 0.28

151 647,168 4,521,439 7.21 2.08 −0.12

152 508,000.7 4,504,417 6.46 2.08 −0.27

153 495,954.8 4,490,603 6.77 2.1 −0.27

154 514,094.7 4,471,404 5.37 2.11 −0.39

155 563,198 4,493,413 6.66 2.12 −0.28

156 592,967 4,519,015 3.16 2.13 0.25

157 558,864 4,491,374 4.03 2.13 0.68

158 562,284 4,490,167 6.13 2.14 −0.47

159 640,251 4,473,889 3.55 2.17 0.54

160 659,649 4,518,612 6.34 2.17 0.35

161 555,381.1 4,476,142 5.65 2.17 −0.25

162 632,126 4,510,975 3.2 2.2 0.48
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163 613,319 4,490,460 6.41 2.2 −0.39

164 626,330 4,523,199 7.01 2.2 −0.06

165 517,027.2 4,494,024 5.41 2.2 −0.27

166 518,255.9 4,487,260 3.95 2.2 0.51

167 653,480 4,510,892 1.95 2.21 0.33

168 653,369 4,521,874 5.97 2.22 0.57

169 521,592.5 4,489,595 5.52 2.23 −0.2

170 573,213 4,526,501 6.53 2.26 0.13

171 645,558 4,478,932 0.77 2.27 0.55

172 648,115 4,503,411 1.92 2.27 0.14

173 585,313 4,502,114 5.61 2.3 −0.2

174 566,119 4,521,655 5.86 2.32 0.44

175 653,055 4,497,342 1.61 2.33 0.35

176 557,240 4,488,739 6.92 2.33 −0.27

177 652,048 4,499,290 1.51 2.34 0.92

178 659,594 4,510,281 2.53 2.35 0.33

179 522,659.1 4,493,944 3.93 2.36 0.19

180 632,512 4,519,078 4.53 2.39 0.29

181 611,622 4,532,691 5.91 2.39 0.19

182 530,854.5 4,492,842 3.33 2.39 0.45

183 623,743 4,516,775 4.12 2.41 0.56

184 604,936 4,484,479 4.65 2.41 0.42

185 573,729 4,498,731 5.56 2.43 −0.24

186 591,669 4,538,582 6.54 2.43 0.17

187 511,161.2 4,500,122 5.34 2.44 −0.36

188 567,463 4,502,548 2.81 2.45 0.66

189 579,136 4,519,779 3.63 2.45 0.49

190 642,988 4,519,506 5.52 2.45 −0.26

191 622,254 4,497,850 7.11 2.45 −0.42

192 638,909 4,518,349 3.83 2.46 0.56

193 620,555 4,516,660 5.32 2.46 −0.3

194 620,429 4,525,387 1.71 2.48 −0.1

195 635,385 4,519,172 4.27 2.49 0.31

196 556,978 4,492,129 4.95 2.49 0.61

197 630,509 4,519,024 5.57 2.5 −0.34

198 591,201 4,529,171 6.93 2.5 −0.17

199 637,608 4,467,992 7.56 2.5 0.25

200 604,362 4,508,527 3.27 2.51 0.52

201 638,245 4,522,501 6.37 2.56 −0.39

202 502,374.4 4,485,617 4.79 2.56 −0.21

203 545,862.2 4,491,199 4.04 2.58 0.2
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204 604,921 4,510,478 3.4 2.59 0.48

205 626,339 4,523,198 6.2 2.59 −0.43

206 520,131.9 4,487,833 3.55 2.59 0.53

207 528,672.6 4,513,176 3.5 2.6 0.53

208 621,423 4,491,206 6 2.62 0.17

209 512,939.9 4,485,970 3.58 2.62 0.6

210 626,446 4,516,814 3.97 2.63 0.62

211 565,216 4,517,792 5.83 2.63 −0.21

212 641,092 4,483,531 1.31 2.64 0.48

213 547,375.6 4,492,928 5.3 2.65 0.56

214 534,941.5 4,510,079 5.39 2.66 −0.02

215 501,634.8 4,506,610 5.87 2.66 0.5

216 633,234 4,522,204 5.3 2.67 0.05

217 551,867.5 4,484,249 3.35 2.68 0.22

218 614,114 4,523,035 4.39 2.69 0.16

219 614,113 4,523,018 5.4 2.7 −0.22

220 602,250 4,508,497 3.04 2.72 0.54

221 529,344.6 4,491,880 3.65 2.72 0.5

222 656,838 4,507,446 1.68 2.73 0.28

223 621,974 4,514,811 4.57 2.73 0.42

224 597,796 4,517,072 4.11 2.75 0.51

225 488,571.2 4,503,505 3.31 2.75 0.6

226 586,635 4,519,554 3.64 2.76 0.41

227 585,064 4,513,522 3.86 2.76 0.35

228 621,909 4,483,040 5.46 2.76 0.41

229 529,860.2 4,494,108 4.95 2.76 −0.37

230 518,943.6 4,490,862 3.85 2.76 0.53

231 652,603 4,490,698 3.64 2.77 0.57

232 564,741 4,491,576 5.83 2.8 −0.51

233 567,407 4,521,513 5.73 2.81 0.14

234 567,372 4,516,785 3.19 2.87 0.51

235 585,715 4,507,979 3.87 2.87 0.53

236 565,888 4,494,824 4.21 2.87 0.62

237 630,250 4,517,573 4.47 2.87 0.65

238 578,732 4,502,659 4.21 2.88 0.22

239 603,449 4,506,664 2.8 2.9 0.44

240 640,464 4,510,512 3.75 2.9 0.55

241 646,896 4,517,422 3.35 2.91 0.39

242 659,987 4,513,777 2.95 2.92 0.73

243 594,648 4,533,994 4.02 2.92 −0.02

244 521,812 4,512,913 3.49 2.93 0.41
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245 604,173 4,513,613 3.63 2.94 0.51

246 612,755 4,496,621 3.75 2.94 0.52

247 613,552 4,482,908 4.03 2.98 0.33

248 647,904 4,496,312 2.21 2.99 0.49

249 611,303 4,522,959 3.24 2.99 0.44

250 619,349 4,473,746 4.3 2.99 0.2

251 614,931 4,530,428 2.22 3 0.51

252 640,821 4,497,870 3.03 3 0.44

253 559,746 4,484,134 3.18 3 0.64

254 632,495 4,521,390 7.32 3 −0.03

255 593,507 4,513,315 3.65 3.02 0.13

256 605,668 4,507,465 3.68 3.02 0.21

257 621,730 4,486,738 4.05 3.03 0.41

258 621,939 4,502,781 4.69 3.03 0.56

259 653,374 4,516,012 3.48 3.06 0.5

260 567,524 4,495,917 5.84 3.08 −0.22

261 662,166 4,510,707 3.89 3.09 0.44

262 614,143 4,521,038 2.81 3.12 0.28

263 571,767 4,518,778 3.74 3.12 0.61

264 613,663 4,514,060 5.96 3.13 −0.24

265 559,636 4,521,105 3.41 3.15 0.49

266 598,017 4,526,945 2.36 3.16 0.52

267 567,672 4,505,479 3.46 3.16 0.37

268 571,757 4,507,677 4.9 3.19 0.41

269 630,426 4,523,290 5.41 3.19 0.1

270 616,905 4,522,819 5.95 3.19 −0.39

271 578,964 4,524,866 3.74 3.21 0.7

272 647,840 4,522,994 2.53 3.22 0.56

273 587,542 4,531,902 3.57 3.22 0.59

274 578,506 4,512,987 4.43 3.22 0.06

275 604,918 4,502,365 2.38 3.23 0.42

276 656,495 4,512,529 3.59 3.24 0.37

277 607,033 4,510,416 4.22 3.24 0.09

278 640,020 4,502,944 3.67 3.29 0.42

279 638,097 4,524,193 3.2 3.3 −0.15

280 635,352 4,521,380 5.96 3.3 −0.29

281 564,879 4,516,093 3.92 3.32 0.42

282 538,150.4 4,496,083 3.42 3.32 0.35

283 593,457 4,508,072 3.69 3.33 0.51

284 632,019 4,490,614 3.26 3.34 0.24

285 566,909 4,498,842 3.6 3.34 0.44
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286 611,984 4,508,792 3.77 3.34 0.67

287 488,069.3 4,498,286 4.13 3.35 0.53

288 611,214 4,519,012 2.83 3.37 0.65

289 565,246 4,514,399 3.32 3.38 0.42

290 564,313 4,513,775 2.63 3.39 0.59

291 640,879 4,488,617 3.75 3.39 0.36

292 617,501 4,525,368 2.82 3.4 0.39

293 557,261 4,516,246 6.09 3.4 −0.35

294 630,490 4,523,901 2.32 3.42 0.55

295 572,626 4,514,777 5.44 3.42 −0.19

296 640,756 4,495,092 3.61 3.49 0.4

297 604,800 4,519,018 3.56 3.53 0.44

298 563,477 4,515,618 4.09 3.57 0.31

299 562,048 4,518,381 3.55 3.58 0.46

300 611,863 4,524,520 3.04 3.62 0.38

301 593,760 4,502,678 3.4 3.62 0.51

302 604,735 4,490,334 3.74 3.62 0.29

303 604,659 4,495,731 3.45 3.63 0.49

304 632,621 4,502,964 3.71 3.63 0.44

305 584,773 4,528,631 3.75 3.63 0.44

306 655,149 4,487,373 6.44 3.63 0.1

307 484,153.2 4,502,856 4.27 3.64 0.61

308 590,532 4,528,047 7.89 3.67 0.21

309 597,731 4,530,796 4.8 3.7 −0.02

310 604,871 4,530,432 3.28 3.71 0.46

311 603,649 4,509,133 2.88 3.73 0.52

312 622,366 4,526,538 4.56 3.75 0.22

313 564,689 4,511,003 4.81 3.76 0.04

314 568,067 4,513,500 3.17 3.77 0.47

315 613,013 4,502,793 4.79 3.77 0.06

316 623,499 4,525,449 2.87 3.78 0.38

317 566,690 4,510,249 3.96 3.83 0.36

318 556,672 4,519,694 4.77 3.9 −0.07

319 568,349 4,508,414 3.3 3.93 0.39

320 593,469 4,525,652 2.92 3.94 0.45

321 642,416 4,522,487 3.8 4.05 0.08

322 632,510 4,496,022 5.02 4.11 −0.25

323 611,297 4,521,007 5 5.48 0.72
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4. Cieśla, M.; Gruca-Rokosz, R.; Bartoszek, L. Significance of organic matter in the process of aggregation of suspended sediments in

retention reservoirs. Sci. Total Environ. 2022, 815, 152850. [CrossRef]
5. Lee, B.J.; Kim, J.; Hur, J.; Choi, I.H.; Toorman, E.A.; Fettweis, M.; Choi, J.W. Seasonal Dynamics of Organic Matter Composition

and Its Effects on Suspended Sediment Flocculation in River Water. Water Resour. Res. 2019, 55, 6968–6985. [CrossRef]
6. Pettijohn, F.; Potter, P.E.; Siever, R. Transport, Deposition, and Deformation of Sand. In Sand and Sandstone; Springer: New York,

NY, USA, 1972; pp. 327–382.
7. McLaren, P. An interpretation of trends in grain size measurements. J. Sediment. Petrol. 1981, 51, 611–624.
8. McLaren, P.; Bowles, D. The effects of sediment transport on grain-size distribution. J. Sediment. Petrol. 1985, 55, 457–470.
9. Gao, S.; Collins, M. Net sediment transport patterns inferred from grain-size trends, based upon definition of “transport vectors”.

Sediment. Geol. 1992, 81, 47–60. [CrossRef]
10. Zananiri, I.; Mitropoulos, D.; Zimianitis, V.; Ioakim, C.; Papadopoulos, V.; Efthimiou, G. Marine geology data accessibility in the

European Framework: The I.G.M.E. participation in the GEO-SEAS project. Bull. Geol. Soc. Greece 2016, 47, 1590–1597. [CrossRef]
11. Folk, R.L. The distinction between grain size and mineral composition in sedimentary rock nomenclature. J. Geol. 1954, 62,

344–359. [CrossRef]
12. Mitropoulos, D.; Angelopoulos, I.; Perissoratis, C.; Zimianitis, E. Surficial Sediment Map of the Bottom of the Aegean Sea in Scale

1:200,000, North Sporades Sheet; IGME Publications: Athens, Greece, 1994.
13. Perissoratis, C.; Mitropoulos, D.; Angelopoulos, I. Surficial Sediment Map of the Bottom of the Aegean Sea in Scale 1:200,000,

Ierissos-Kavala Sheet; IGME Publications: Athens, Greece, 1988.
14. Zananiri, I.; Vakalas, I. Geostatistical mapping of marine surficial sediment types in the Northern Aegean Sea using indicator

kriging. Geo-Mar. Lett. 2019, 39, 363–376. [CrossRef]
15. Sakellariou, D.; Tsampouraki-Kraounaki, K. Plio-quaternary extension and strike-slip tectonics in the Aegean. In Transform Plate

Boundaries and Fracture Zones; Duarte, J., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; Chapter 14.
16. Giamali, C.; Koskeridou, E.; Antonarakou, A.; Ioakim, C.; Kontakiotis, G.; Karageorgis, A.P.; Roussakis, G.; Karakitsios, V.

Multiproxy ecosystem response of abrupt Holocene climatic changes in the northeastern Mediterranean sedimentary archive and
hydrological regime. Quat. Res. 2019, 92, 665–685. [CrossRef]

17. Panagiotopoulos, I.; Kapsimalis, V.; Ioakim, C.; Karageorgis, A.; Rousakis, G.; Morfis, I.; Hatiris, G.; Anagnostou, C.; Koukoulis,
A.; Papatrechas, C.; et al. High-resolution geomorphological mapping of the shallow continental shelf west of the Kavala Bay,
North Aegean. Bull. Geol. Soc. Greece 2016, 50, 448–457. [CrossRef]

18. EMODnet. EMODnet Digital Bathymetry (DTM). 2016. Available online: https://sextant.ifremer.fr/record/c7b53704-999d-4721
-b1a3-04ec60c87238/ (accessed on 2 February 2018). [CrossRef]

19. Karageorgis, A.P.; Zananiri, I.; Kanellopoulos, T.D.; Ioakim, C.; Vakalas, I.; Kaberi, H.; Botsou, F.; Anagnostou, C. Seabed
Sedimentology and Elemental Geochemistry of the Aegean Sea; Springer: Berlin/Heidelberg, Germany, 2023; pp. 1–33.

20. Karageorgis, A.P.; Anagnostou, C. Particulate matter spatial-temporal distribution and associated surface sediment properties:
Thermaikos gulf and Sporades Basin, NW Aegean Sea. Cont. Shelf Res. 2001, 21, 2141–2153. [CrossRef]

21. Karageorgis, A.P.; Anagnostou, C.L.; Kaberi, H. Geochemistry and mineralogy of the NW Aegean Sea surface sediments:
Implications for river runoff and anthropogenic impact. Appl. Geochem. 2005, 20, 69–88. [CrossRef]

22. Lykousis, V.; Chronis, G. Mechanisms of sediment transport and deposition: Sediment sequences and accumulation during the
Holocene on the Thermaikos plateau, the continental slope, and basin (Sporadhes basin), northwestern Aegean sea, Greece. Mar.
Geol. 1989, 87, 15–26. [CrossRef]

23. Perissoratis, C.; Angelopoulos, I.; Mitropoulos, D. Exploring the Offshore Area of N.E. Greece for Placer Deposits: Geologic
Framework and Preliminary Results. In Marine Minerals; Springer: Dordrecht, The Netherlands, 1987.

24. Zananiri, I.; Vakalas, I.; Mitropoulos, D.; Zimianitis, V. The Application of GIS Methods and Techniques for the Elaboration of Surficial
Sediment Maps of the Bottom of the Aegean Sea: Ierissos–Kavala Sheet; IGME Report; IGME Publications: Athens, Greece, 2016.

25. Perissoratis, C.; Mitropoulos, D.; Angelopoulos, I. Surficial Sediment Map of the Bottom of the Aegean Sea in Scale 1:200,000,
Thassos-Samothraki Sheet; IGME Publications: Athens, Greece, 1986.

26. Ioakim, C.; Zananiri, I.; Zimianitis, V.; Efthymiou, G.; Vakalas, I.; Giamali, C.; Valaouris, A.; Drosopoulou, E.; Gidoni, E.;
Economou, G.; et al. Final Comprehensive Report of Marine Geology and Sedimentology Research in the Aegean Sea: Work Carried out in
the Frame of YPOTHER Project; IGME Publications: Athens, Greece, 2016; p. 339.

27. Fotiadis, A.; Zananiri, I. Harmonized Digital Lithology and Geochronology Map of Greece, in Scale 1:1,000,000, in Compliance with
OneGeology Europe; IGME Publications: Athens, Greece, 2016; p. 21.

28. Folk, R.L. Petrology of Sedimentary Rocks; Hemphill Publishing Company: Sutton, UK, 1980.
29. Folk, R.L.; Ward, W.C. Brazos River bar [Texas]; a study in the significance of grain size parameters. J. Sediment. Res. 1957, 27,

3–26. [CrossRef]

213



J. Mar. Sci. Eng. 2024, 12, 512

30. Gao, S.; Collins, M. Analysis of grain size trends, for defining sediment transport pathways in marine environments. J. Coast. Res.
1994, 10, 70–78.

31. Balsinha, M.; Fernandes, C.; Oliveira, A.; Rodrigues, A.; Taborda, R. Sediment transport patterns on the Estremadura Spur
continental shelf: Insights from grain-size trend analysis. J. Sea Res. 2014, 93, 28–32. [CrossRef]

32. Liang, J.; Liu, J.; Xu, G.; Chen, B. Grain-size characteristics and net transport patterns of surficial sediments in the Zhejiang
nearshore area, East China Sea. Oceanologia 2020, 62, 12–22. [CrossRef]

33. Yamashita, S.; Naruse, H.; Nakajo, T. Reconstruction of sediment-transport pathways on a modern microtidal coast by a new
grain-size trend analysis method. Prog. Earth Planet. Sci. 2018, 5, 1–18. [CrossRef]

34. Zhang, W.; Zheng, J.; Xiaomei, J.; Hoitink, A.; Van Der Vegt, M.; Zhu, Y. Surficial sediment distribution and the associated net
sediment transport pattern retain--> in the Pearl River Estuary, South China. Cont. Shelf Res. 2013, 61, 41–51. [CrossRef]

35. Choi, T.-J.; Park, J.-Y. MATLAB Version of the GSTA Model. 2018. Available online: https://www.mathworks.com/matlabcentral/
fileexchange/72698-matlab-version-of-the-gsta-model (accessed on 7 February 2024).

36. Gao, S. A FORTRAN program for grain-size trend analysis to define net sediment transport pathways. Comput. Geosci. 1996, 22,
449–452. [CrossRef]

37. Davis, J.C.; Sampson, R.J. Statistics and Data Analysis in Geology; Wiley: New York, NY, USA, 1986; Volume 646.
38. Kourafalou, V.H.; Barbopoulos, K. High-resolution simulations on the North Aegean Sea seasonal circulation. Ann. Geophys. 2003,

21, 251–265. [CrossRef]
39. Olson, D.B.; Kourafalou, V.H.; Johns, W.E.; Samuels, G.; Veneziani, M. Aegean Surface Circulation from a Satellite-Tracked Drifter

Array. J. Phys. Oceanogr. 2007, 37, 1898–1917. [CrossRef]
40. Kontoyiannis, H.; Kourafalou, V.H.; Papadopoulos, V. The seasonal characteristics of the hydrology and circulation in the

northwest Aegean Sea (eastern Mediterranean): Observations and modeling. J. Geophys. Res. Oceans 2003, 108, 3302. [CrossRef]
41. Kourafalou, V.H.; Savvidis, Y.G.; Koutitas, C.G.; Krestenitis, Y.N. Modeling studies on the processes that influence matter transfer

on the Gulf of Thermaikos (NW Aegean Sea). Cont. Shelf Res. 2004, 24, 203–222. [CrossRef]
42. Poulos, S.E.; Drakopoulos, P.G.; Collins, M.B. Seasonal variability in sea surface oceanographic conditions in the Aegean Sea

(eastern Mediterranean): An overview. J. Mar. Syst. 1997, 13, 225–244. [CrossRef]
43. Zervakis, V.; Georgopoulos, D.; Drakopoulos, P.G. The role of the North Aegean in triggering the recent eastern Mediterranean

climate changes. J. Geophys. Res. Oceans 2000, 105, 26103–26116. [CrossRef]
44. Zodiatis, G. Advection of the Black Sea water in the north Aegean Sea. Glob. Atmos. Ocean Syst. 1994, 2, 41–60.
45. Zodiatis, G.; Balopoulos, E. Structure and characteristics of fronts in the North Aegean Sea.Boll. Oceanol. Teor. Appl. 1993, 11,

113–124.
46. Karageorgis, A. Integration of Remote Sensing, In Situ Observations and Numerical Modelling, Applied to the North-East Atlantic; Ecole

des Mines de Paris: Paris, France, 1995; p. 30.
47. Velaoras, D.; Zervakis, V.; Theocharis, A. The Physical Characteristics and Dynamics of the Aegean Water Masses. In The Handbook

of Environmental Chemistry; Springer: Berlin/Heidelberg, Germany, 2021.
48. Vagenas, C.; Anagnostopoulou, C.; Tolika, K. Climatic Study of the Marine Surface Wind Field over the Greek Seas with the Use

of a High Resolution RCM Focusing on Extreme Winds. Climate 2017, 5, 29. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

214



MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Journal of Marine Science and Engineering Editorial Office
E-mail: jmse@mdpi.com

www.mdpi.com/journal/jmse

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI

and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any

ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-2558-5


