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Preface

In this book, “Sedimentary Processes – Examples from Asia, Turkey, and Nigeria”, 
the geological characteristics of different depositional environments have been 
singled out, particularly referring to deltas, beach systems, and coastal lacustrine 
environments. In this book, the other research topics are the riparian zone and the 
role of mangroves in controlling coastal sedimentation. The sedimentary processes 
represent one of the most important control factors influencing the facies distribu-
tion in a stratigraphic succession and are critical in coastal environments. In deltaic 
systems the vertical arrangement of depositional cycles is mainly controlled by 
the decrease of the gradients due to the progradation of the distributary channels. 
Exceptional events, including floods, storms, and earthquakes also influence the 
corresponding changes in the sedimentary patterns. The sedimentary processes are 
strictly related to the role of the sedimentary supply in controlling the stratigraphic 
architecture of the sedimentary sequences, depending on the availability of sedi-
ments, subsidence, and relative sea-level changes. In this framework, two situations 
may be distinguished, i.e. transgressive and regressive. In the transgressive situa-
tion, the subsidence and the sea-level rise are more important than the terrigenous 
supply and a sediment starvation occurs. Reworking, erosion, and diagenesis take 
place, coupled with an increase of chemically and biologically formed sediments. In 
the regressive situation, the subsidence and the sea level rise are less important than 
the terrigenous supply, resulting in progradation and increase of continental facies. 
Another important control factor acting on sedimentary processes is represented 
by the climate, due to the climate affecting the facies apart from temperature and 
rainfall, seasonal extremes, and sporadic fluctuations. Relative sea-level changes 
have been brought about by the sediment progradation, by the vertical movements, 
or by the tectonic tilting of the crustal blocks, by the changes in volume of the 
oceanic waters, or by the global tectonic changes, such as the variation in volume 
of the oceanic ridges. Delta models have individuated high constructive (tide-
influenced and wave-influenced) deltas and high destructive (lobate and elongate) 
deltas. Each delta type is distinguished from a characteristic morphology and facies 
pattern, which has been described including the vertical sequences, the facies 
associations, the facies distribution, and the geometry of the sandy bodies and 
reservoirs. The delta progradation produces a typical facies succession, consisting 
of prodelta facies, delta front, and delta plain facies. A coarsening upward succes-
sion of prodelta sediments to delta front sediments is overlain by a fining upward 
succession, composed of upper delta front sediments to delta plain sediments. The 
lacustrine deposits have a high potential of preservation and perhaps they represent 
excellent sedimentary archives in palaeo-climatic reconstructions. The sedimen-
tary records of varves, annually laminated, provide high-resolution archives of 
palaeo-environmental conditions, so providing both chronological and geochemical 
information. Beach depositional systems and their changing morphology have been 
controlled by storm events, changing the coastal morphology, and triggering the 
formation of megacusp embayments. The impact of storms on the variation of the 
beach has been analyzed by combining the historical measurements of the beach 
profile surveys and the numerical modeling of storm-induced beach changes. The 
role of mangroves in controlling the coastal sedimentation is critical, since they 



Preface

In this book, “Sedimentary Processes – Examples from Asia, Turkey, and Nigeria”, 
the geological characteristics of different depositional environments have been 
singled out, particularly referring to deltas, beach systems, and coastal lacustrine 
environments. In this book, the other research topics are the riparian zone and the 
role of mangroves in controlling coastal sedimentation. The sedimentary processes 
represent one of the most important control factors influencing the facies distribu-
tion in a stratigraphic succession and are critical in coastal environments. In deltaic 
systems the vertical arrangement of depositional cycles is mainly controlled by 
the decrease of the gradients due to the progradation of the distributary channels. 
Exceptional events, including floods, storms, and earthquakes also influence the 
corresponding changes in the sedimentary patterns. The sedimentary processes are 
strictly related to the role of the sedimentary supply in controlling the stratigraphic 
architecture of the sedimentary sequences, depending on the availability of sedi-
ments, subsidence, and relative sea-level changes. In this framework, two situations 
may be distinguished, i.e. transgressive and regressive. In the transgressive situa-
tion, the subsidence and the sea-level rise are more important than the terrigenous 
supply and a sediment starvation occurs. Reworking, erosion, and diagenesis take 
place, coupled with an increase of chemically and biologically formed sediments. In 
the regressive situation, the subsidence and the sea level rise are less important than 
the terrigenous supply, resulting in progradation and increase of continental facies. 
Another important control factor acting on sedimentary processes is represented 
by the climate, due to the climate affecting the facies apart from temperature and 
rainfall, seasonal extremes, and sporadic fluctuations. Relative sea-level changes 
have been brought about by the sediment progradation, by the vertical movements, 
or by the tectonic tilting of the crustal blocks, by the changes in volume of the 
oceanic waters, or by the global tectonic changes, such as the variation in volume 
of the oceanic ridges. Delta models have individuated high constructive (tide-
influenced and wave-influenced) deltas and high destructive (lobate and elongate) 
deltas. Each delta type is distinguished from a characteristic morphology and facies 
pattern, which has been described including the vertical sequences, the facies 
associations, the facies distribution, and the geometry of the sandy bodies and 
reservoirs. The delta progradation produces a typical facies succession, consisting 
of prodelta facies, delta front, and delta plain facies. A coarsening upward succes-
sion of prodelta sediments to delta front sediments is overlain by a fining upward 
succession, composed of upper delta front sediments to delta plain sediments. The 
lacustrine deposits have a high potential of preservation and perhaps they represent 
excellent sedimentary archives in palaeo-climatic reconstructions. The sedimen-
tary records of varves, annually laminated, provide high-resolution archives of 
palaeo-environmental conditions, so providing both chronological and geochemical 
information. Beach depositional systems and their changing morphology have been 
controlled by storm events, changing the coastal morphology, and triggering the 
formation of megacusp embayments. The impact of storms on the variation of the 
beach has been analyzed by combining the historical measurements of the beach 
profile surveys and the numerical modeling of storm-induced beach changes. The 
role of mangroves in controlling the coastal sedimentation is critical, since they 



XIV

allocate more carbon below the ground, representing rich-carbon biomes, which 
facilitate the deposition of fine-grained sediments.

This book, made up of six chapters, examines different studies on the sedimentary 
processes, including the geologic characteristics. The first chapter introduces the 
sedimentary processes and related geological controls, examining the role of the 
deltas (Niger Delta), the coastal and lacustrine geo-archives, the beach systems and 
their morphological variations, and the geological role of mangroves. Using geophysi-
cal techniques for the analysis of the seismic attributes, in the second chapter it has 
been established that the N5.2 reservoir is a massive sandy unit, located in the Agbada 
Formation, representing a structural high, characterized by two main peaks. The 
correlation of well logs was performed, highlighting the occurrence of sandstones 
with traces of glauconites. In the third chapter, the coastal and lacustrine sedimentary 
archive of Lake Bafa was analyzed, individuating four main depositional stages, rang-
ing in age from 4.5 ky B.P. to 0.8 ky B.P. The ecosystem characteristics of the basin 
have been controlled by hydroclimatic and geotectonic processes. The fourth chapter 
applied a fingerprinting technique to the sediment sources of the riparian zone, 
taking into account several depths of a tributary channel. The main sediment sources 
are represented by the topsoil above the riparian zone, by the sediments suspended 
by the Yangtze river, and by the sediment suspended by the Ruxi river. The fifth 
chapter has studied the long-term variations of the beach of the Kaike coast (Japan), 
starting from the analysis of aerial photographs and then producing a contour-line 
change model, which has considered the variations of sediment grain-size. In the 
sixth chapter, marker horizon techniques and surface elevation table (SET) tests have 
highlighted the spatial variability in the sedimentary patterns by examining several 
coastal sites, located in Malaysia and Thailand (south-eastern Asia). 

I thank Mrs. Romina Skomersic, who has followed the publication process with 
competence and patience, allowing for the development of this book process.

Dr. Gemma Aiello, PhD
Istituto di Scienze Marine (ISMAR),

Consiglio Nazionale delle Ricerche (CNR),
Sezione Secondaria di Napoli,

Napoli, Italy
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Chapter 1

Introductory Chapter: An
Introduction to Sedimentary
Processes - Examples from Asia, 
Turkey, and Nigeria
Gemma Aiello

1. Introduction

This is the introductory chapter of the book Sedimentary Processes - Examples 
from Asia, Turkey and Nigeria. In this book, different topics on the sedimentary
processes have been treated, focusing, in particular, on the geological characteristics
and production response of a sandstone reservoir located offshore the Niger Delta
(Nigeria); on coastal lacustrine sedimentary archives with the example of Lake Bafa
(Mediterranean Sea); on the riparian zone of the Three Gorges Reservoir (China), 
representing a transitional area located between aquatic and terrestrial environ-
ments; on the long-lasting changes of the beach environments along the Kaike coast
(Japan); and, finally, on the role of the mangroves in coastal and estuarine sedimen-
tary environments.

The facies distribution and the corresponding changes are strongly influenced 
by several control factors, including the sedimentary processes, the sediment
supply, the climate, the tectonics, the sea level changes, the biological activity, 
the water chemistry, and the volcanism. In different depositional environments, 
these control factors are of variable importance, but the climate and the struc-
tural setting act on the whole sedimentary environments. On the other side, the
sedimentary processes are critical in deltaic and fluvial environments. On the
continental margins, relative sea level fluctuations involve the shallow seas and 
the shorelines, more than in the continental and deep marine environments, also
if their effects are not negligible [1–4]. In a given depositional environment, the
sedimentary processes, represented by the processes intrinsic to sedimentation, are
responsible for the facies distribution and change. For instance, the progradation of
the distributary channels of a delta controls a decrease of the gradient, so that the
river has a short route, starting a new depositional cycle. Due to the nature itself
of the depositional environments, these kinds of changes are inevitable, since the
timing of these changes is controlled by unusual events, such as floods, storms, or
earthquakes. These trigger causes must be distinguished from the fundamental 
causes represented by the delta progradation [5–7], by the river aggradation, and by
the slope instability [8–10]. Sediment supply represents another important control 
factor. Its effect depends on the sediment availability, subsidence, and relative sea
level changes. In this book, the main research topics are represented by the deltas, 
particularly referring to the Niger Delta; by the coastal and lacustrine sedimentary
archives, particularly referring to the Lake Bafa; by the riparian zone; by the beach
environments and their variations during the geological time; and, finally, by the
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role of the mangroves in the coastal sedimentation. These topics will be outlined in 
the following sections.

2. The role of deltas in the sedimentary processes and the Niger Delta

The deltas are protuberances of the shoreline, which were formed when the 
rivers enter the oceans, the semi-enclosed seas, the lakes, or the lagoons sheltered 
by barriers. They rapidly supply sediments, which can be redistributed by basinal 
processes. These deltas are served by drainage systems, which are well developed 
and culminate in a trunk stream, supplying sediments to a restricted area of the 
shoreline. The drainage systems produce closely spaced rivers, inducing a uniform 
progradation of the whole coastal plain rather than a point-concentrated prograda-
tion. The studies of the deltaic facies started in ancient successions rather than in 
the modern deltas with the Gilbert deltas [11, 12], describing the Pleistocene deltaic 
facies in Lake Bonneville. The delta has a three-dimensional structure, generating 
a distinctive vertical sequence of types of bedding during the delta progradation. 
From the lower part of the sequence to the upper part of the sequence, there is 
the bottomset, composed of gently inclined fine-grained sediments; the foreset, 
composed of beds of sands and gravels dipping from 10 to 25°; and the topset, 
which is composed of flat-lying gravels [11, 13]. These terms (topset, foreset, and 
bottomset) have been used in order to describe the delta structure and the bed-
ding, texture, color, and fauna of each component. Although not all the deltas 
show a Gilbert-type structure, these concepts have conditioned the thinking on 
modern deltas for several decades. Therefore, the occurrence or the lack of large 
and inclined foresets has been considered as an important criterion for the study 
of deltaic successions. Moreover, the economic relevance of deltaic facies has 
stimulated the execution of wide borehole programs in the Mississippi, Rhone, and 
Niger deltas [14–19]. These studies have shown that the deltaic successions include 
a variety of vertical facies and sequences and that a type of sequence within a delta 
varies at different locations, as well as within the deltas. The conceptual framework 
of the comparative studies on deltas starts from the hinterland characteristics, con-
trolling the fluvial regime and the sediment input, which influence the delta regime 
(controlled also by the basinal regime), the delta morphology, and the delta facies 
pattern. Of course, the delta types have been defined based on the depositional 
regime and illustrated by a characteristic morphology.

The Niger Delta is one of the most important research topics of this book. It is a 
large, arched delta of a destructive wave-dominated type. A succession of marine 
clays, overlain by paralic deposits, in turn covered by continental sands, occurs. 
This sequence has been built up by superimposed offlap cycles. Basement faulting 
has affected the development of delta and, consequently, the sediment thickness 
distribution. In the paralic interval, growth fault-associated rollover structures have 
trapped hydrocarbons. For this reason, the Niger Delta hosts main hydrocarbon 
reservoirs. In this case, the growth faults have functioned as hydrocarbon migration 
pathways from the overpressured marine clays [20].

3. The coastal lacustrine sedimentary archives and the Lake Bafa

The coastal lacustrine sedimentary archives have been deeply studied, particu-
larly referring to their use in paleoclimatic reconstructions and to the lithological and 
geochemical aspects [21–24]. Zolitschka [21] has outlined that the lacustrine sedi-
ments have a high potential as proxies in paleoclimatic reconstructions. The annually 
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laminated (varved) sedimentary records in a lacustrine environment represent 
important high-resolution archives of paleoenvironmental conditions. The most 
important control factor is represented by the climate and by the anthropogenic 
change. The linkage between the climate and the varves has been deeply studied, 
in particular for the proglacial lakes linked with the clastic varves (mean summer 
temperature, mean summer precipitation). At the middle latitudes, the varves are 
also controlled by the organic productivity. Moreover, the thickness of the varves 
may increase with the minerogenic detritus, which can be regarded as a discharge 
proxy. Two kinds of information have been provided, chronological and geochemi-
cal. The varve chronology has to be calibrated through other and more precise dating 
methods due to several misinterpretations (Holocene sediments of Skilak Lake, 
Alaska; Precambrian laminites, Australia). The geochemical composition of the 
yearly element has been calculated. The geochemical analyses have been performed 
on samples having a thickness of at least 1 cm, including several years or decades of 
deposition. Baroni et al. [22] have analyzed a core retrieved from the Lake Frassino 
(northern Italy), which has provided evidence of main paleohydrological changes 
during the last 14 ky B.P. The lake evolution has been reconstructed during the Late 
Glacial and the Holocene by using lithological, malacological, and isotopic composi-
tion of freshwater shells. During the Late Glacial, the conditions were drier than in 
the Holocene, and a wetter period has been suggested to occur before 14 ky B.P. The 
oxygen isotopic data have suggested a clear bipartition during Holocene times, with 
a dry first part (9100–7000 years B.P.), followed by an increase in humidity (7000–
6800 years B.P.), while from 5000 to 2600 years, the isotopic record was character-
ized by large fluctuations, suggesting alternating wet and dry periods. Basilici [23] 
has studied the lacustrine facies of the Tiberino Basin, which was formed after 
Plio-Pleistocene tectonic phases of the central Italy. Four facies associations have 
been distinguished, consisting of the facies association A, which was deposited in a 
deep-offshore lacustrine environment, consisting of massive, laminated, bluish-gray 
marly clays and representing the main lacustrine deposit. The other facies associa-
tions represent the marginal facies. The facies association B has been interpreted as 
a Gilbert-type delta system, showing gravel bodies and prodelta bodies, consisting 
of marly clays, alternating with sands and gravelly mud strata. The facies association 
C corresponds to the coastal environment, composed of interbedded muddy and 
sandy strata and clayey silts and lignites, interpreted as a coastal wetland. The facies 
association D is represented by the distal part of a muddy alluvial fan. The paleoen-
vironmental reconstruction has indicated that the Tiberino Basin hosted a narrow 
lake during Pliocene times, whose size, shape, and depth were controlled by the 
tectonic setting. Beck [24] has highlighted that the Late Quaternary sedimentary fill 
of several lakes, located in the northwestern Alps, may represent a paleoseismologi-
cal sedimentary archive. These peculiar strata have been controlled by mass failures 
or subaqueous slope deposits (delta foresets), evolving into hyperpicnal currents, 
and by in situ liquefaction and flowage, more than by micro-fracturing. The paleo-
seismic interpretation has been extrapolated up to 16 ky B.P., reconstructing the time 
series and identifying from a textural point of view several kinds of slope failure 
deposits. This has allowed to obtain the temporal series, which are compatible with 
the historical seismicity due to the observed recurrence interval.

The Lake Bafa is a saline-brackish wetland ecosystem, having an international 
importance, which is located at the southeastern part of Büyük Menderes River 
Delta [25]. It is bounded by the Beşparmak Mountains to the south and to the east 
and by the alluvial plains of Büyük Menderes Delta to the north and to the west 
[25]. The lake’s surface area is 6708 hectares for 25 m depth, while the average water 
level is only 5 m [25]. The main water source is represented by the Büyük Menderes 
River, but some small streams have also contributed to the water input in the lake. 
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facies in Lake Bonneville. The delta has a three-dimensional structure, generating 
a distinctive vertical sequence of types of bedding during the delta progradation. 
From the lower part of the sequence to the upper part of the sequence, there is 
the bottomset, composed of gently inclined fine-grained sediments; the foreset, 
composed of beds of sands and gravels dipping from 10 to 25°; and the topset, 
which is composed of flat-lying gravels [11, 13]. These terms (topset, foreset, and 
bottomset) have been used in order to describe the delta structure and the bed-
ding, texture, color, and fauna of each component. Although not all the deltas 
show a Gilbert-type structure, these concepts have conditioned the thinking on 
modern deltas for several decades. Therefore, the occurrence or the lack of large 
and inclined foresets has been considered as an important criterion for the study 
of deltaic successions. Moreover, the economic relevance of deltaic facies has 
stimulated the execution of wide borehole programs in the Mississippi, Rhone, and 
Niger deltas [14–19]. These studies have shown that the deltaic successions include 
a variety of vertical facies and sequences and that a type of sequence within a delta 
varies at different locations, as well as within the deltas. The conceptual framework 
of the comparative studies on deltas starts from the hinterland characteristics, con-
trolling the fluvial regime and the sediment input, which influence the delta regime 
(controlled also by the basinal regime), the delta morphology, and the delta facies 
pattern. Of course, the delta types have been defined based on the depositional 
regime and illustrated by a characteristic morphology.

The Niger Delta is one of the most important research topics of this book. It is a 
large, arched delta of a destructive wave-dominated type. A succession of marine 
clays, overlain by paralic deposits, in turn covered by continental sands, occurs. 
This sequence has been built up by superimposed offlap cycles. Basement faulting 
has affected the development of delta and, consequently, the sediment thickness 
distribution. In the paralic interval, growth fault-associated rollover structures have 
trapped hydrocarbons. For this reason, the Niger Delta hosts main hydrocarbon 
reservoirs. In this case, the growth faults have functioned as hydrocarbon migration 
pathways from the overpressured marine clays [20].

3. The coastal lacustrine sedimentary archives and the Lake Bafa

The coastal lacustrine sedimentary archives have been deeply studied, particu-
larly referring to their use in paleoclimatic reconstructions and to the lithological and 
geochemical aspects [21–24]. Zolitschka [21] has outlined that the lacustrine sedi-
ments have a high potential as proxies in paleoclimatic reconstructions. The annually 
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laminated (varved) sedimentary records in a lacustrine environment represent 
important high-resolution archives of paleoenvironmental conditions. The most 
important control factor is represented by the climate and by the anthropogenic 
change. The linkage between the climate and the varves has been deeply studied, 
in particular for the proglacial lakes linked with the clastic varves (mean summer 
temperature, mean summer precipitation). At the middle latitudes, the varves are 
also controlled by the organic productivity. Moreover, the thickness of the varves 
may increase with the minerogenic detritus, which can be regarded as a discharge 
proxy. Two kinds of information have been provided, chronological and geochemi-
cal. The varve chronology has to be calibrated through other and more precise dating 
methods due to several misinterpretations (Holocene sediments of Skilak Lake, 
Alaska; Precambrian laminites, Australia). The geochemical composition of the 
yearly element has been calculated. The geochemical analyses have been performed 
on samples having a thickness of at least 1 cm, including several years or decades of 
deposition. Baroni et al. [22] have analyzed a core retrieved from the Lake Frassino 
(northern Italy), which has provided evidence of main paleohydrological changes 
during the last 14 ky B.P. The lake evolution has been reconstructed during the Late 
Glacial and the Holocene by using lithological, malacological, and isotopic composi-
tion of freshwater shells. During the Late Glacial, the conditions were drier than in 
the Holocene, and a wetter period has been suggested to occur before 14 ky B.P. The 
oxygen isotopic data have suggested a clear bipartition during Holocene times, with 
a dry first part (9100–7000 years B.P.), followed by an increase in humidity (7000–
6800 years B.P.), while from 5000 to 2600 years, the isotopic record was character-
ized by large fluctuations, suggesting alternating wet and dry periods. Basilici [23] 
has studied the lacustrine facies of the Tiberino Basin, which was formed after 
Plio-Pleistocene tectonic phases of the central Italy. Four facies associations have 
been distinguished, consisting of the facies association A, which was deposited in a 
deep-offshore lacustrine environment, consisting of massive, laminated, bluish-gray 
marly clays and representing the main lacustrine deposit. The other facies associa-
tions represent the marginal facies. The facies association B has been interpreted as 
a Gilbert-type delta system, showing gravel bodies and prodelta bodies, consisting 
of marly clays, alternating with sands and gravelly mud strata. The facies association 
C corresponds to the coastal environment, composed of interbedded muddy and 
sandy strata and clayey silts and lignites, interpreted as a coastal wetland. The facies 
association D is represented by the distal part of a muddy alluvial fan. The paleoen-
vironmental reconstruction has indicated that the Tiberino Basin hosted a narrow 
lake during Pliocene times, whose size, shape, and depth were controlled by the 
tectonic setting. Beck [24] has highlighted that the Late Quaternary sedimentary fill 
of several lakes, located in the northwestern Alps, may represent a paleoseismologi-
cal sedimentary archive. These peculiar strata have been controlled by mass failures 
or subaqueous slope deposits (delta foresets), evolving into hyperpicnal currents, 
and by in situ liquefaction and flowage, more than by micro-fracturing. The paleo-
seismic interpretation has been extrapolated up to 16 ky B.P., reconstructing the time 
series and identifying from a textural point of view several kinds of slope failure 
deposits. This has allowed to obtain the temporal series, which are compatible with 
the historical seismicity due to the observed recurrence interval.

The Lake Bafa is a saline-brackish wetland ecosystem, having an international 
importance, which is located at the southeastern part of Büyük Menderes River 
Delta [25]. It is bounded by the Beşparmak Mountains to the south and to the east 
and by the alluvial plains of Büyük Menderes Delta to the north and to the west 
[25]. The lake’s surface area is 6708 hectares for 25 m depth, while the average water 
level is only 5 m [25]. The main water source is represented by the Büyük Menderes 
River, but some small streams have also contributed to the water input in the lake. 
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The Lake Bafa has been formed as the result of delta progradation of the Büyük 
Menderes River. The sediments of the river have filled the marine embayment 
(Latimian Gulf). During the last millennia, the Latimian Gulf has been trans-
formed into a deltaic and alluvial plain.

4. The beach environment and its variation during geological time

The beaches and the barrier islands are long and narrow sand accumulations, 
occurring within the deltas, along the depositional strike from deltas or in an oceanic 
or lacustrine context, without any relationship with the deltas. Both the depositional 
systems are aligned parallel to the shoreline. The beaches are attached to the land, 
while the barrier islands are separated from the land by a shallow lagoon and are 
often dissected by tidal inlets. The formation of the beaches and of the barrier island 
systems includes a steady supply of sands to the shoreline (river input, longshore 
drift) and a hydrodynamic setting characterized by low and moderate wave energy 
but a limited tidal range. The beaches and the barrier islands have been constructed 
by the wave processes, which have been intensively studied through direct observa-
tion, experimentation, and theoretical procedures. Regarding the wave processes 
controlling the beaches, the first process to be discussed is the wave transformation, 
the second one is represented by the wave-induced nearshore currents, and the third 
one consists of the temporal variations in the wave regime. The major storm events 
have the role to control the landward retreatment or the local breaching of the eolian 
dune ridge. The beach includes a variety of sub-environments, including the eolian 
sand dunes, the backshore-foreshore, and the shoreface. In particular, the eolian sand 
dunes form complex ridges, capping the beach face above the mean tide level and 
resulting from wind reworking of sands emplaced in the upper beach by the storm 
waves, attaining a height of several meters. The backshore represents the supratidal 
part of the beach, which is flooded during the storm events, whereas the foreshore 
represents the intertidal area. The shoreface is the subtidal part of the beach, starting 
at the mean low tide level and terminating at the fair-weather wave base.

5. The role of mangroves in coastal sedimentation

In the coastal protection, the root systems of the mangrove forests trap sediments 
flowing down rivers and towards the land. This allows to stabilize the coastline 
and prevents the erosion operated from waves and storms. In the areas where the 
mangroves have been cleared, the coastal damage from hurricanes and typhoons is 
stronger. The role of mangroves in the coastal sedimentation has been deeply studied 
[26–43]. Alongi [26] has studied the carbon sequestration in the mangrove forests. 
The mangrove forests are highly productive, with the carbon production rates which 
are equivalent to the tropical humid forests. The mangroves host more carbon below 
the ground and have higher carbon mass ratios than the terrestrial trees. The most 
of the mangrove carbon is stored as large pools in the soil and dead roots. Moreover, 
the mangroves account for only approximately 1% of carbon sequestration by the 
world’s forests, but as coastal habitats they account for 14% of carbon sequestra-
tion by the global ocean. Banerjee et al. [27] have studied four sediment cores from 
selected locations of the Sundarbans mangroves and Hooghly estuary (northeastern 
coast of India) to reconstruct the 210Pb geochronology and to individuate the trace 
metal distribution in the sediments. The mangroves of India account for about 5% of 
the world’s mangrove vegetation and are spread over an area of about 6740 km2. The 
region of Sundarbans hosts the 10% of the mangrove forests in the world and a half of 
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the total area under mangroves in India. The Sundarbans mangroves and the Hooghly 
estuary have received a considerable pollution load from anthropogenic sources such 
as the industrial, the domestic, and the shipping activities in recent times, suggest-
ing a high concentration of metals in the top few layers. The obtained results have 
suggested that the variation in trace metal content with depth or between mangrove 
and estuarine systems derives from the metal input due to the anthropogenic activi-
ties rather than to the diagenetic processes. Blasco et al. [28] have examined the 
mangroves as indicators of coastal changes, studying in which way these ecosystems 
have been used as indicators of coastal changes or sea level rises. These ecosystems are 
specialized, and any minor variation of their hydrological and tidal regime controls 
a noticeable mortality. The mangroves are highly sensitive to the inundation regime. 
If the tectonic, sedimentologic, and hydrological events have been modified, these 
species tend to readjust to new environmental conditions, or alternatively, they tend 
to succumb to unsuitable environmental conditions. Perhaps, the use of the remote 
sensing data for the mangrove ecosystem represents a good tool in the coastal moni-
toring. In this book, the role of mangroves in the coastal and estuarine sedimentary 
accretion of southeastern Asia has been discussed. In fact, the mangroves provide also 
characteristic mechanisms in order to trap the sediments and to accelerate the land-
building processes in the tide-dominated coastal and estuarine environments.

6. Outline

This topic examines different studies on the sedimentary processes, including:

a. The geologic characteristics and the production response of the N5.2 reservoir, 
located offshore the Niger Delta and evaluating the geological elements, mainly 
the sedimentary facies and the structural lineaments, which have controlled 
the decline in the reservoir production

b. The example of the Lafe Bafa as an excellent geo-archive located in the 
Mediterranean sea, studied through lithostratigraphy, chronostratigraphy, and 
geochemical data, providing evidence for a continuous accumulation during 
the last 4.5 ky

c. The sedimentary processes in the riparian zone of the Ruxi Tributary Channel 
(Three Gorges Reservoir, China) applying a composite fingerprinting tech-
nique to apportion the sediment sources for the riparian zone with different 
elevations and studying the sedimentary input from this channel as a main 
source of pollution for the riparian environment

d. The long-term changes in the beach environments along the Kaike coast 
(Japan), reproduced using a contour-line change model which has taken into 
account the grain size of the beach sediments and evaluating the long-shore 
transport of sands through bathymetric data analysis

e. The role of the mangroves in the coastal and estuarine sedimentary processes 
in southeastern Asia, highlighting the sediment accretion between the different 
types of roots, the spatial variability of the sediment accretion, and the influ-
ence of the seasonal change impacts on the sediment accretion

The relationships of the sedimentary processes with the sea level changes and 
the subsidence have also been examined.
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the total area under mangroves in India. The Sundarbans mangroves and the Hooghly 
estuary have received a considerable pollution load from anthropogenic sources such 
as the industrial, the domestic, and the shipping activities in recent times, suggest-
ing a high concentration of metals in the top few layers. The obtained results have 
suggested that the variation in trace metal content with depth or between mangrove 
and estuarine systems derives from the metal input due to the anthropogenic activi-
ties rather than to the diagenetic processes. Blasco et al. [28] have examined the 
mangroves as indicators of coastal changes, studying in which way these ecosystems 
have been used as indicators of coastal changes or sea level rises. These ecosystems are 
specialized, and any minor variation of their hydrological and tidal regime controls 
a noticeable mortality. The mangroves are highly sensitive to the inundation regime. 
If the tectonic, sedimentologic, and hydrological events have been modified, these 
species tend to readjust to new environmental conditions, or alternatively, they tend 
to succumb to unsuitable environmental conditions. Perhaps, the use of the remote 
sensing data for the mangrove ecosystem represents a good tool in the coastal moni-
toring. In this book, the role of mangroves in the coastal and estuarine sedimentary 
accretion of southeastern Asia has been discussed. In fact, the mangroves provide also 
characteristic mechanisms in order to trap the sediments and to accelerate the land-
building processes in the tide-dominated coastal and estuarine environments.

6. Outline

This topic examines different studies on the sedimentary processes, including:

a. The geologic characteristics and the production response of the N5.2 reservoir, 
located offshore the Niger Delta and evaluating the geological elements, mainly 
the sedimentary facies and the structural lineaments, which have controlled 
the decline in the reservoir production

b. The example of the Lafe Bafa as an excellent geo-archive located in the 
Mediterranean sea, studied through lithostratigraphy, chronostratigraphy, and 
geochemical data, providing evidence for a continuous accumulation during 
the last 4.5 ky

c. The sedimentary processes in the riparian zone of the Ruxi Tributary Channel 
(Three Gorges Reservoir, China) applying a composite fingerprinting tech-
nique to apportion the sediment sources for the riparian zone with different 
elevations and studying the sedimentary input from this channel as a main 
source of pollution for the riparian environment

d. The long-term changes in the beach environments along the Kaike coast 
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Chapter 2

Geologic Characteristics and 
Production Response of the N5.2 
Reservoir, Shallow Offshore Niger 
Delta, Nigeria
Prince Suka Momta

Abstract

Sedimentary facies and structural lineaments represent significant control fac-
tors on hydrocarbon flow behavior. These geological elements have been evaluated 
to understand possible cause(s) of rapid decline in pro¬duction. The N5.2 reser-
voir, located in shallow marine sandstones, offshore Niger Delta, has experienced 
decline in oil rate with a corresponding increase in water-cut within two years of 
beginning of production. The main objective of this study is the determination of 
reservoir architecture in order to individuate the possible cause(s) of rapid produc-
tion decline. To this aim, several methods have been used, including the seismic 
attribute analysis, electrofacies analysis, well log and petrophysical correlations. 
The obtained results show that the N5.2 reservoir is a massive sandy unit, occur-
ring within the paralic Agbada Formation of about 2133 m thick. A contour depth 
map of the reservoir shows the occurrence of a structural saddle associated with an 
elongated closure having two structural culminations. Further analysis using the 
root mean square (RMS) and anti-tracking seismic attributes has indicated a seis-
mic facies parallel to the paleo-coastline direction and several faults and fractures. 
The high quality of the reservoir, fractures, poor management and water injection 
may have induced rapid fluid flow and consequently early watercut and decline in 
production.

Keywords: sedimentation, oil rate, watercut, porosity, permeability, reservoir

1. Introduction

Decline in oil production is common to mature oilfields where several wells 
have been drilled and exploited over a period of time. The volume of oil produced 
and the lifetime of a specific well or reservoir is a function of several variables, 
which could include the thickness of the oil column, sand-body architecture and 
geometry, quality of hydrocarbon, and several geologic uncertainties. It is expected 
that after many years of oil production from a reservoir there should be a time 
when the water oil ratio (WOR) should be significant. However, early decline in 
production for a reservoir with high potential is uncommon. The studied reservoir 
has experienced rapid decline in oil production with a corresponding rapid water 
breakthrough in just 2 years of the beginning of production.
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Stratigraphic features and structural lineaments are geologic elements that 
will be examined to understand the architecture of the reservoir and the possible 
effects of lineaments on fluid flow. Fluvial and marine processes have influenced 
the deposition of sediments in the Niger Delta [1, 2]. Myriads of sub-environments 
exist within each mega environment either continental or marine. The stratigraphic 
imprint of these events at various scales can be identified and reconstructed from 
sedimentary rock bodies in both outcrops and cores [3, 4].

The structural elements that influence fluid flow include fractures, faults and 
folds, mapped in the subsurface of the Niger Delta [1, 5]. They are significant for 
the hydrocarbon entrapment and fluid mobility within the reservoir. Faults play 
an important role in the distribution of fluids in the subsurface and may act as 
baffles or conduits to flow [6]. In particular, this paper focuses on stratigraphic and 
structural features and their impact on the hydrocarbon production.

It has been established that facies architecture and reservoir condition influ-
ence the movement of fluids within the subsurface [4, 7–9]. However, a few studies 
have examined the control of geological factors in combination with production 
management strategy on flow behavior [7, 9, 10]. An integrated approach is adopted 
in this study to examine the relative impact of a combination of these uncertain-
ties on fluid flow especially water, that can result in a rapid production decline. 
Rock types and fabrics are more significant than fluid properties in controlling the 
stratigraphic architecture of the reservoir. This is because, geologic characteristics 
such as facies properties and architecture, changes in depositional environments, 
etc., have more control on oil and gas recovery than production methods [11, 12]. 
In the Niger Delta, most of the sand-bodies hosting hydrocarbon occur as channels, 
shoreface, beach and barrier sand deposits [2, 13–15].

Studies on reservoir characterization of the Niger Delta have been carried out by 
several researchers. Osinowo et al. [16] described and characterized the Eni field, 
located offshore Niger Delta by integrating both seismic and wireline logs. Oyedele 
et al. [17] discussed structural lineaments and their impact on hydrocarbon accumula-
tion in the EMI field, Niger Delta. The work of [18] focused on the impact of facies on 
reservoir quality and the application of 3D static model to characterize hydrocarbon 
potential of the KN field offshore, Niger Delta. The interplay of marine energy fluxes, 
the creation of accommodation space, sedimentation, facies architecture and hydro-
carbon potentials of deep offshore areas have been explained in articles by [4, 19]. 
Reservoir characterization is essential at every stage in the lifetime of an oilfield for 
appropriate description of sand-body geometry and architecture [20–23].

This study aims at establishing facies characteristics, lateral continuity of sand 
bodies and the possible cause(s) of early water breakthrough that result in rapid 
decline in oil production of the N5.2 sand. This concept will have broad significance 
in the following areas: risk assessment and drilling optimization, understanding 
the geometries of sedimentary rocks and changes in their associated porosity and 
permeability [20].

2. Study area

The study area lies in the shallow offshore area of the Niger Delta, Nigeria 
(Figure 1). It is bounded in the north by Calabar Town, at a distance of about 3 km, 
and in the east by the Cameroon Volcanic Line about 30 km away. The field is circa 
229 km2, and the structure was described by [24], as an elongate, four-way dip 
closure in two culminations with a saddle between them. There are over 40 wells 
drilled in the field some of which include pilot holes, water injectors and horizontal 
production wells.
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3. Reservoir stratigraphic architecture, facies and well log analysis

The field covered a distance of more than 7 km from the east to the west. 
The lithologic well correlation indicated that most of the sand-bodies (N5.2 
and others) are laterally extensive across the oilfield (Figures 2 and 3b). A key 
stratigraphic marker used to constrain the correlation is the Qua Iboe Shale (QIS) 
(Figure 3a). Gamma ray trends forms the basis for delimiting reservoir tops and 
bases (Figure 3a and b).

The N5.2 sand is a high quality reservoir characterized by sand with some silt 
and shale fractions in almost negligible proportions. It is laterally extensive and 
cuts across the field covering a distance of more than 7 km, and well developed 
towards the eastern flank. It displays a layer-cake architecture with gross thickness 
between 33.82 and 105.13 m. The N5 reservoir displays stacked highstand parase-
quence set and occurred in six sub-units in wells located in the eastern part of the 
field (Figure 3a and b).

3.1 Environment of deposition

The well log (gamma ray log) and drill-cutting samples are the major lithologic 
tools used to identify lithofacies in the field. Ditch cutting sample description 
(Table 1) [15] indicates that the N5.2 sand contains some glauconite pellets show-
ing sedimentation within a marine environment. The depositional environments 
inferred using electrofacies and the presence of glauconite within the sample inter-
val are; beach, barrier bar, shoreface and regressive bars [15]. The overall gamma 
ray trend shows an upward coarsening sequence.

Figure 1. 
Map showing the study location.
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The log expression for the N5.2 sand exhibits blocky/cylindrical motif (Figure 4). It 
has a sharp base with a gradational top, about 70.08 m thick, excellent reservoir quality, 
good lateral continuity and displaying a layer-cake reservoir architecture deposited 
probably as barrier bar or a channel sitting on a beach-barrier system (Figure 4). There 
are particles of glauconite in the ditch cutting sample indicating that the sediments 
were deposited within the marine environment.

3.2 Architecture and reservoir characteristics of the N5.2 sand

3.2.1 Architecture of the N5.2 reservoir

The root-mean-square amplitude, a seismic attribute generated over the seismic 
volume at different timeslices is more diagnostic in facies identification. Generally, 
the RMS amplitude is an expression of the square root of the average of the squares 
of the amplitude within certain window of the analysis, and it is related to the energy 
within the seismic trace. The root-mean-square (RMS) are useful in differentiating 
between lithology types. For instance, values of the trace with high amplitudes may 
indicate a highly porous lithology such as porous sand, which are potential high 
quality hydrocarbon reservoirs. It can also serve as a direct hydrocarbon indicator. 
Three different color bands are used to indicate amplitude values: yellow indicates 
the highest amplitude (100 RMS value); light brown to red (50–68 RMS values), 
and the light green to blue colors represent the least to medium amplitude points 
(0–18, and 20–30 RMS) (Figure 5). The N5.2 sand falls within the Beach-Barrier-
shoreface (BBS) RMS trend that aligned parallel to paleo-coastline direction (Figure 
5) indicating a shallow marine depositional architecture. Depth structure map also 
indicated similar trend showing a four-way dip closure having two culminations and 
depositional axis parallel to the major structure-building fault (Figure 6).

3.2.2 Reservoir characteristics of the N5.2 sand

Well log attributes show that the N5.2 reservoir is a massive, clean and thick 
(about 70.08 m thick) barrier/shoreface shallow marine sandstone with excellent 
reservoir quality. Pixel-based facies modeling using sequential indicator simulation 

Figure 2. 
Seismic base map showing well locations and line of section.
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Figure 3. 
(a) Well correlation of key reservoirs in the field and (b) well correlation of N5.2 reservoir across the field.

Reservoir Sample description

(N5.2 reservoir) 
Well A2P2

Sandstone: medium to dark brown, oil saturated, clear, translucent, friable to loose quartz 
grains, very fine-fine grains, and predominantly very fine, sub-rounded to rounded, very well 
sorted, excellent porosity and permeability, contains mica with traces of glauconite, traces of 
carbonaceous speckles. Oil shows: medium brown oil stain, intense bright yellow fluorescence, 
instant blooming milky white cut fluorescence, light brown residue. Very strong hydrocarbon odor

Table 1. 
Ditch cutting description of the N5.2 reservoir [15].
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Figure 2. 
Seismic base map showing well locations and line of section.
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Figure 3. 
(a) Well correlation of key reservoirs in the field and (b) well correlation of N5.2 reservoir across the field.
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Sandstone: medium to dark brown, oil saturated, clear, translucent, friable to loose quartz 
grains, very fine-fine grains, and predominantly very fine, sub-rounded to rounded, very well 
sorted, excellent porosity and permeability, contains mica with traces of glauconite, traces of 
carbonaceous speckles. Oil shows: medium brown oil stain, intense bright yellow fluorescence, 
instant blooming milky white cut fluorescence, light brown residue. Very strong hydrocarbon odor

Table 1. 
Ditch cutting description of the N5.2 reservoir [15].
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(SIS) algorithm for stochastic distribution of properties shows three distinct 
lithofacies (sand, siltstone and shale) in the reservoir across the field (Figure 7). 
These facies were defined based on log signatures, volume of shale cut-off, and 

Figure 4. 
Gamma ray log motifs showing inferred depositional environments of the reservoirs.

Figure 5. 
RMS amplitude showing facies trends and architecture. Hint: BBS indicates beach, barrier and shoreface 
architecture. The N5.2 sand falls within the BBS category.
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net-to-gross (NTG) calculations. The volume of shale (VSH), net-to-gross ratio 
(NTG) and total porosity (PHIT) from petrophysical evaluation were populated 
into the 3D grid facies model (Figures 7 and 8). Sand is the dominant lithofacies in 

Figure 6. 
Depth structure map for N5.2 reservoir in two structural culminations and a saddle.

Figure 7. 
Facies model showing lithofacies characteristics of N5.2 sand [25].
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the reservoir (Figure 5) with over 83% NTG and negligible volume of shale (VSH) 
(Figure 7). This implies that the reservoir flow mechanism will be influenced by the 
properties of the sand facies.

Figure 8. 
Porosity model for N5.2 sand.

Figure 9. 
Dykstra-Parson plot for heterogeneity test (N5.2 VDP = 0.3).
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3.2.3 Test for heterogeneity and flow unit characterization of the N5.2 sand

Dykstra-Parson’s coefficient is an expression that measures the degree of varia-
tion and heterogeneity of a reservoir [26]. The variation in the values of the core 
permeability reflects the degree of heterogeneity in the reservoir. Rock samples with 
zero permeability values (shales) were not used since it is a logarithmic plot. The 
Dykstra-Parson plot performed for the core samples from the well section is shown 
in Figure 9. The Dykstra-Parson’s number for the core samples is 0.30—which 
indicates a homogenous reservoir. Higher values of Dykstra-Parson indicate more 
heterogeneity of which one is the maximum number.

Figure 10. 
Winland plot for the N5.2 sand.

Figure 11. 
RQI versus normalized porosity crossplot. Note that most of the samples have high quality index with RQI 
above 100. This is indicative of a high quality formation with high hydraulic potential.
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Figure 12. 
Ant tracking at time-slice 1346.748 ms showing structural discontinuities.

The hydraulic capacity of the sand-body was well understood from plots generated 
from Winland and Rock Quality Index for flow zone characterization (Figures 10 
and 11). Most of the samples plot within 1000 mD on Winland plot, showing a mega 
porous reservoir with a high quality index (Figure 10). Beside the presence of frac-
tures that have created anisotropic condition in the homogenous geobody, excellent 
reservoir quality will enhance fluid flow in the reservoir [25]. Reservoir properties 
have major influence on reservoir fluids and the hydraulic behavior of the rock. It is 
important that these uncertainties are well understood because they are relevant to 
reservoir management decisions.

4. Possible causes of rapid production decline

4.1 Fracture network

Fractures are lineaments that occur in rocks which represent minor breaks in 
the natural order of the properties of the rock [27, 28]. They are evidences of the 
brittle failure of the rock due to lithostatic stresses initiated by tectonism and other 
geodynamic processes [29]. Network of fractures and faults have been identified in 
the area (Figures 12–14). They appear as short, disconnected and network of dark 
patches around the well area on seismic time slices [25, 28].

Several factors may be responsible for the development of these fractures. These 
could be due to changes in lithostatic pressure, geothermal stresses, hydraulic 
pressure and high drilling density in the field [25]. There is presently no infill drill-
ing opportunity on the structure due to high drilling activity. The regional stress 
somewhat affects the orientation of the fractures as some are parallel to the axis of 
the growth faults, whereas some have multiple orientations especially around the 
well area (Figures 12 and 13). Non-uniform fracture distribution and heterogeneity 
in natural fractured reservoirs (NFR) make the development of water-cut asym-
metrical and estimation of critical rate and breakthrough time will require fracture 
pattern modeling for proper understanding of fracture development around the 
producing wells. Consequently, tectonics, geothermal processes and human activity 
(drilling, well stimulation) could contribute to fracture generation. Fracture pat-
terns and high vertical permeabilities created are also two important flow parame-
ters that will allow for rapid non-uniform flow of water into the well. The N5.2 sand 
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falls between time slice 1346–1479 ms on the seismic section, where these fractures 
have been mapped, indicating that the reservoir is affected by the fractures. Five 
(5) CT-scanned core plugs taken from this interval also revealed the presence of 
massive vertical fractures (Figure 14) [25]. The vertical fractures radiate from the 
center of the core plugs to the edge, running around the internal circumference of 
the core as concentric rings (Figure 14).

Figure 14. 
Vertical fractures revealed in CT-scanned core sample p.

Figure 13. 
Fractures highlighted to show orientations. Some of the fractures are aligned in the direction of the regional stress.
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4.2 Production response

4.2.1  Effect of reservoir management on oil rate and basic sediment and water (BSW)

Production parameters considered include; Flowing Tubing Head Pressure 
(FTHP), Gas-Oil-Ratio (GOR), basic sediment and water (BSW) and choke size. 
The management of the choke has relative impact on oil rate and basic sediments 
and water (BSW). Practically, water production within the first 2 years of produc-
tion was zero and peak production (over 4750 BOPD) was observed between the 
first 2 years (Figures 15–17).

Figure 15. 
The effect of choke management on oil rate and basic sediment and water for well A4.

Figure 16. 
The effect of choke management on oil rate and basic sediment and water for well A7.
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There was high FTHP corresponding to periods of high oil rate (Figures 15  
and 18) and choke size not exceeding 30 inches. Between September 2001 and 
March 2004, there was steady increase in choke from 33 to 60 (see Figure 17), with 
similar trend in the BSW. It is evident that the management of the reservoir also 
played a significant role on rapid fluid flow especially water.

Figure 17. 
The effect of choke management on oil rate and basic sediment and water for well A8.

Figure 18. 
Production history profile for well A2.
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The continued water injection through the injector wells in the field could be 
another source of water production which has adverse effect on oil recovery espe-
cially for production wells proximal to the injectors.

The oil rate, Qo, as well as the liquid rate declined at the onset of water production 
in 2001 and afterwards liquid rate had remained constant at different choke sizes. The 
oil rate declined further as water cut increased (Figures 15–18). The total cumulative 
oil production as at January 2011 is about 67.18 MMSTB; this represents 43.91% recov-
ery factor. However, there is still recoverable oil remaining in the reservoir, which can 
only be recovered if certain field operational conditions are considered.

5. Conclusions

The conclusions drawn based on the results of this study are as stated below:

1. The key geological factors that aided fluid mobility especially vertical flow 
include: environments of deposition, rock properties, lateral continuity of 
reservoirs, limited and negligible shale barriers in the N5.2 sand, and network 
of fractures. Reservoir properties of N5.2 sand show that the facies is highly 
homogenous and exerts a greater impact on fluid flow across the reservoir. 
The results of anisotropy due to permeability within facies on oil production 
increases with vertical flow potential. Fracture networks created anisotropic 
condition in the reservoir resulting in dominant vertical flow created by vertical 
fracture permeability. The major drive mechanism in the field is water; vertical 
fracture permeability would have created a high mobility ratio resulting in both 
the injected and displacing fluid breaking through earlier at the producer sand.

2. A significant coning effect is observed where there is rapid increase in choke 
size. It increases breakthrough time and decreases oil rate.

3. Increase in vertical fracture permeability resulted to early breakthrough and 
reduces oil rate after breakthrough.

4. Geological conditions (fractures and excellent reservoir quality) and poor 
reservoir management accounted for high fluid movement as well as high 
watercut in the field.

5. Seismic time-slicing methodology remains the approach to display the various 
seismic attributes, and useful in: identification of facies, selecting the best 
drilling locations, and measuring the architecture of a reservoir.

6. Water coning effect is a significant reservoir phenomenon that occurs in 
aquifer-supported reservoirs and is aggravated in a fractured reservoir system.

7. A synergy of a comprehensive geological and engineering investigation is 
a must at every stage in field development. It will provide full information 
needed to understand the subsurface.
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Chapter 3

“Geo-archives of a Coastal
Lacustrine Eco-system”: Lake Bafa
(Mediterranean Sea)
Özlem Bulkan, Bilgehan Toksoy Ediş and M. Namık Çağatay

Abstract

A hypothetical novel, which aims to summarize the whole geological history of the
coastal area surrounding the Mediterranean Sea, probably contains a sum of intensive
and impressive topics, such as tsunamis, storms, earthquakes, volcanic activities,
human-nature interactions, and their products. These abrupt geo-event changes (e.g.,
water chemistry fluctuations) remark a dynamic nature of this unique coastal area.
Paleolimnological studies of a coastal lacustrine archive (i.e., Lake Bafa, Turkey),
associated with syngenetic deposits accumulated in neighboring geological settings
(i.e., swamp, deltaic, lagoon, marine), has allowed us to reconstruct the local geolog-
ical history. Following this hypothesis, we aimed at investigating the paleoenvir-
onmental establishment of the Lake Bafa and surrounding coastal area. Lithologic and
geochemical investigations of the lacustrine (“BAF37:4.2 m) core and surrounding
swamp (“BS”:12 m) sediments supplied us an excellent geo-archive, continuously
accumulated during the last 4.5 ky. Following conclusions are provided concerning
the main depositional stages: Recent swamp-lacustrine separated stage (S-I: last
0.8 ky), lagoon stage (S-II.: 0.8–1.75 ky BP), marine-river interaction stage (S-III:
1.75–2.7 ky BP), and marine-dominated stage (S-IV: 2.7–4.5 ky BP). Our observations
indicate that ecosystem characteristics of the basin have been mainly controlled by
the hydroclimate and geotectonic processes.

Keywords: Lake Bafa, coastal lake, Holocene environment, sediment geochemistry,
isotope geochemistry, Mediterranean Sea

1. Introduction

The marine and terrestrial geological settings influence each other in the coastal
areas [1, 2]. The Aegean Sea and its onshore areas have raised a substantial interest
of the geologists and geomorphologists, since this region is under a north–south
tectonic extension, with the formation of hosts and grabens and occurrence of high
seismic activity [3]. These very active tectonics, together with postglacial sea level
rise, modified the geomorphological evolution of the Aegean coastal area, driving
intensive sediment transport along the main river systems (e.g., Büyük Menderes),
high amount of sediment accumulation with delta formations, and progradational
deltaic processes [4, 5]. Accordingly, the late Quaternary geomorphological devel-
opment of the eastern coast of the sea witnessed the formation of various inland or
transitional basins.
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As a Middle to Late Holocene age coastal lacustrine basin formed in this specific
geological area, Lake Bafa shows a complicated paleoenvironmental and paleoeco-
logical history [6, 7] (Figure 1). The lake evolved by the progradation of the Büyük
Menderes River (Maiandros, Maeander) delta and the closure of the former
Latmian Gulf during the late glacial-Holocene transgression [6]. It was subjected to
ecological changes from a coastal marine inlet to a lagoon and finally to a completely
isolated lake [6, 8, 9]. From this point of view, Lake Bafa provides an important
sedimentary archive of these ecosystem changes and associated physical–chemical
shifts, which are the main objectives of this study. To achieve these objectives, we
carried out lithological descriptions and sedimentological and geochemical analyses
of various sediment cores from the lake. The use of specific element concentrations
and their ratios and organic geochemical analyses allowed us to reconstruct the past
organic matter productivity-preservation rates, the water column chemistry, and
the clastic material supply signals [10–12].

2. Samples and methods

An 11.9-m-long borehole (BS) was drilled on a swamp area, near the northwest-
ern boundary of Lake Bafa, during a field survey in December 2012 (Figure 1).
Subsequently, cores BAF-3B (0.5 m) and BAF37 (4.1 m) were retrieved from the
central and eastern parts of the lake, using hammer and Kajak coring methods,
respectively. The borehole section and sediment cores were lithologically described,
systematically subsampled, and dried by using the freeze-drying method. Prepared
mixtures of the selected 34 subsamples were analyzed as LiBO2/Li2B4O7 flux by
ICP-MS in ACME laboratories, Canada. AMS 14C age determinations of selected
Cerastoderma glaucum shells (Table 1) were analyzed in Beta Analytical Laborato-
ries [8, 9, 13]. Calibration of the samples was calculated in Beta Analytical Labora-
tories, using one of the databases associated with the 2013 INTCAL program, using
the reservoir age correction of 400 years [14, 15]. However, we realize that the
reservoir age for samples representing the isolated stage of Lake Bafa (e.g., sample
BAF 37/2, 72–73) may be different and that this deserves further investigation.
Therefore, we submitted here the carbon dating data either in measured values and
calibrated data (Table 1). Total organic carbon (TOC) analysis and Rock Eval

Figure 1.
Lake Bafa bathymetric map showing the piston core and drill core locations.
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Pyrolysis VI measurements are performed in Turkish Petroleum Cooperation Lab-
oratories.

3. Geological setting and limnology

From a geologic point of view, Western Anatolia and the Aegean Regions repre-
sent a broad extensional zone [16], stretching from Bulgaria to the north to the
Hellenic arc to the south [17]. TheWestern Anatolian region is characterized by
several approximately E-W trending, subparallel, normal fault zones, bordering a set
of grabens and intervening horst blocks. The Lake Bafa is located on the Büyük
Menderes Graben zone [18], which is a seismically active depositional basin [19]. The
graben was opened in the Paleozoic–Mesozoic rocks of the Menderes Massif and
Lycian Nappes during the Early Miocene [19–21]. The catchment mainly consists of
metamorphic bedrocks belonging to the Menderes Massif. The basin-fill deposits,
partly Early Miocene lacustrine limestones and the overlying units of Pliocene and
Quaternary clastics, overlie the bedrocks [19]. The Lake Bafa formed as an alluvial set
lake in theWestern Anatolia because of the closure of the ancient Latmos Gulf, caused
by the delta progradation of the BüyükMenderes River [6, 16]. The Holocene deposits
of the Büyük Menderes River form an alluvial delta plain, separating the Lake Bafa
from the Aegean Sea at around A.D. 1500 [6, 22]. The present- day lacustrine basin is
currently at 2 m above sea level (masl) (Figure 1). The modern basin of the lake has a
surface area of 315 km2, a volume of 692 hm3, and a maximum depth of 20 m. The
lake is oligo-mesotrophic with annual average values of total nitrogen 0.45 mg/L, total
phosphorus 1.3 mg/L, and total dissolved oxygen 7.49 mg/L [23, 24]. Additional to
surface inflows, the main recharging inlet is Büyük Menderes River [22, 25].

4. Lithostratigraphy

Based on visual observations, such as lithology, color, water content, grain size
distributions, and fossil content, sediment core and swamp section were subdivided
into several lithostratigraphical units (BAF37, five litho-zones; BS, four litho-zones).

Submitter
Nr.

Material
pretreatment

Measured
age

13C/
12C

Conventional age 2 Sigma calibration

BAF37/2 72–
73cm

(Shell): acid
etch

1220 +/�
30 BP

�3.9
o/oo

1570 +/� 30 BP
(1457 � 70 adjusted for

local reservoir correction)

Cal AD 780 to 1065
(Cal BP 170 to 885)

BAF37/P3–
96

(Shell): acid
etch

2250+/�
30 BP

�1.6 2345 BP+/� 30 BP Cal BC 360
(Cal BP 2310)

BAF37/4
19–20cm

(Shell): acid
etch

1980 +/�
30 BP

�3.6
o/oo

2330 +/� 30 BP
(2217 � 70 adjusted for

local reservoir correction)

Cal BC 30 to AD 295
(Cal BP 1980 to 1655)

BS-FM/9 K-
BS 14–7 cm

(Shell): acid
etch

2710 �3.1 3070 +/� 30 BP
(2957 � 70 adjusted for

local reservoir correction)

Cal BC 910 to 655 (Cal
BP 2860 to 2605)

BS-9 K- 65–
67 cm

(Shell): acid
etch

2450+/�
30 BP

�4.7 2780 +/� 30 BP
(2667 � 70 adjusted for

local reservoir correction)

Cal BC 645 to 230 (Cal
BP 2595 to 2180)

Table 1.
AMS radiocarbon ages, calibrated ages, and description of the related sediment samples.
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4.1 Lithology of the sediment–water interface core BAF-3B

The lithology of the sediment–water interface core “BAF-3B” from the north-
eastern part of the lake predominantly contains fine-grained sediments, with aver-
ages of 18% sand, 34% silt, and 40% clay. The uppermost 0.15 m of the core
contains gray and greenish-gray homogeneous sandy silty clays. Sediments from the
lowermost parts were characterized by light to dark gray laminated sandy silty clay
layers, enriched with small bivalve shell fragments [8].

4.2 Lithology of the core BAF37

The sedimentary section of core BAF37 consists of five main lithostratigraphic
units (Figure 2). The uppermost 1.2 m of the sediment section is a greenish-olive
gray homogeneous sandy, clayey silt. A 15 cm thick, black, banded, homogeneous
clayey silt layer follows this unit downward. The third unit (UII:1.35–1.90m) is a light
bluish gray to yellow, laminated clayey silt. The following unit (UIV:1.90–3.56 m)
consists of intercalations of bluish gray homogeneous sandy silty clay and olive-green
clayey silt and clay. The lowermost unit below 3.56 m (UV) has variable lithological
layers changing from homogeneous to laminated and from sands to clays, with beige
and light gray to black colors. In detailed lithological observations including the grain
size composition data (averages of 4% sand, 68% silt, and 28% clay), this unit is
composed of predominantly fine-grained sediments [8, 9].

4.3 Lithology of the borehole (swamp) section (BS)

The swamp section is divided into four main lithological units. The uppermost
2.7 m of the sequence (Us I) is mainly characterized by brown sandy clay
(Figure 3). Unit “Us I” includes a topsoil formation and is rich in plant residues in
the uppermost part. Lowermost parts include a well-sorted sand layer and partly
oxidized clay layers. The second unit (Us II; 2.7–7.2 m depth) contains laminated,

Figure 2.
Lithostratigraphic description of core BAF37.
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partly organic-rich or oxidized clay layers, enriched in gastropod shells and shell
fragments. The third unit (Us III; 7.2–8.7 m) is characterized mainly by a gray to
brown, homogeneous clay, which is partly interrupted by either thin laminated clay
layers or sandy, silty clay layers. It is enriched in Vermetidae or bivalve shell
fragments. The lower parts of this unit (8.9–10.4 m) consist predominantly of
homogeneous sand layers, containing abundant bivalve shells. The lowermost unit
(Us IV; 10.4–11.9 m) is a gray, well-sorted homogeneous sand, with the abundant
rock fragments and bivalve shells.

5. Chrono-stratigraphy

A total of five radiocarbon ages measured on mollusk shells were considered for
the chronology (Table 1) [8, 9]. Three Cerastoderma glaucum sp. shells from three
different depths in core BAF-37 were radiocarbon dated. A single valve of
Cerastoderma glaucum sp. from 1.98 m depth provided a conventional age of 1570
(+/� 30) BP. Additional two AMS radiocarbon dates from single valves of
Cerastoderma glaucum sp. from 3.38 m and 3.83 m core depths yielded 2250 (+/�30)
and 2330 (+/�30) year BP. The 14C ages show a regular increase with depth.
Furthermore, these age estimates indicate a low sedimentation rate during the
deposition of lake sediments (0.24 cm/year); this rate is in agreement with the
results of previous measurements [22]. Two AMS radiocarbon dates from single
Cerastoderma glaucum sp. shells collected at the 4.81 m and 7.53 m depths of swamp
section (BS) yielded conventional dates of 2780 (+/� 30) and 3070 (+/� 30) BP,
respectively. According to the radiocarbon dates, together with visual observations,
the swamp and lake sequences represent continuous sedimentary records of the last
4.5 and 2.5 cal. ka years, respectively.

Figure 3.
Lithostratigraphic description of the swamp section (drill core BS).
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4.1 Lithology of the sediment–water interface core BAF-3B

The lithology of the sediment–water interface core “BAF-3B” from the north-
eastern part of the lake predominantly contains fine-grained sediments, with aver-
ages of 18% sand, 34% silt, and 40% clay. The uppermost 0.15 m of the core
contains gray and greenish-gray homogeneous sandy silty clays. Sediments from the
lowermost parts were characterized by light to dark gray laminated sandy silty clay
layers, enriched with small bivalve shell fragments [8].

4.2 Lithology of the core BAF37

The sedimentary section of core BAF37 consists of five main lithostratigraphic
units (Figure 2). The uppermost 1.2 m of the sediment section is a greenish-olive
gray homogeneous sandy, clayey silt. A 15 cm thick, black, banded, homogeneous
clayey silt layer follows this unit downward. The third unit (UII:1.35–1.90m) is a light
bluish gray to yellow, laminated clayey silt. The following unit (UIV:1.90–3.56 m)
consists of intercalations of bluish gray homogeneous sandy silty clay and olive-green
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layers changing from homogeneous to laminated and from sands to clays, with beige
and light gray to black colors. In detailed lithological observations including the grain
size composition data (averages of 4% sand, 68% silt, and 28% clay), this unit is
composed of predominantly fine-grained sediments [8, 9].

4.3 Lithology of the borehole (swamp) section (BS)

The swamp section is divided into four main lithological units. The uppermost
2.7 m of the sequence (Us I) is mainly characterized by brown sandy clay
(Figure 3). Unit “Us I” includes a topsoil formation and is rich in plant residues in
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partly organic-rich or oxidized clay layers, enriched in gastropod shells and shell
fragments. The third unit (Us III; 7.2–8.7 m) is characterized mainly by a gray to
brown, homogeneous clay, which is partly interrupted by either thin laminated clay
layers or sandy, silty clay layers. It is enriched in Vermetidae or bivalve shell
fragments. The lower parts of this unit (8.9–10.4 m) consist predominantly of
homogeneous sand layers, containing abundant bivalve shells. The lowermost unit
(Us IV; 10.4–11.9 m) is a gray, well-sorted homogeneous sand, with the abundant
rock fragments and bivalve shells.

5. Chrono-stratigraphy

A total of five radiocarbon ages measured on mollusk shells were considered for
the chronology (Table 1) [8, 9]. Three Cerastoderma glaucum sp. shells from three
different depths in core BAF-37 were radiocarbon dated. A single valve of
Cerastoderma glaucum sp. from 1.98 m depth provided a conventional age of 1570
(+/� 30) BP. Additional two AMS radiocarbon dates from single valves of
Cerastoderma glaucum sp. from 3.38 m and 3.83 m core depths yielded 2250 (+/�30)
and 2330 (+/�30) year BP. The 14C ages show a regular increase with depth.
Furthermore, these age estimates indicate a low sedimentation rate during the
deposition of lake sediments (0.24 cm/year); this rate is in agreement with the
results of previous measurements [22]. Two AMS radiocarbon dates from single
Cerastoderma glaucum sp. shells collected at the 4.81 m and 7.53 m depths of swamp
section (BS) yielded conventional dates of 2780 (+/� 30) and 3070 (+/� 30) BP,
respectively. According to the radiocarbon dates, together with visual observations,
the swamp and lake sequences represent continuous sedimentary records of the last
4.5 and 2.5 cal. ka years, respectively.

Figure 3.
Lithostratigraphic description of the swamp section (drill core BS).
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6. Chemo-stratigraphy

Chemical characterization of the sediments (BAF-3B; BAF37; BS) investigated
applying ICP-Ms analysis and revealed abundances of selected elements (Al, K, Ti,
Zr, Rb, Fe, Mn, Ni, V, Cu, Pb, Zn, Mg, Ca, Na, P, Ba, Sr). A selected statistical
method is also applied using geochemical data, namely, “factor analysis” (FA).
Accordingly, eigenvalues of I and II factors were determined from 16 variables
(Table 2). Congruent factor load values indicate either the same geological sources
or element enrichment processes [26]. However, several element contents (Cu, V,
Pb, Zn) were below the detection limits (bdl) in the sediment–water interface
sediments (core: BAF-3B). These values were not applied for FA approaches.

6.1 Chemical composition of core BAF37

Unit I has relatively high Ca, Ni, Fe, and Zr concentrations; low contents of Si,
K, Ti, Mn, and Rb; and low ratios of Mn/Fe, V/V + Ni, and Mg/Ca (Figure 4).
Contrarily, a tendency through the increased Mn/Fe and Mg/Ca ratios suggested for
the sediments belonging to units II to IV. Overall downcore characterization also
reflects increasing values of Si, K, Ti, Fe, Ni, Zn, Ca, and Zr in units III and IV.
These elements correlated oppositely with declining Ca values, indicating the car-
bonate dilution effect. Especially, the lowermost unit (Unit V) is characterized by
the obvious fluctuations of the Ca, Fe, Si, K, Ti, Rb, and Fe. In addition to element
concentrations, cross-correlations of V/Cr–U/Th, Ni/Co–U/Th, V/V + Ni–U/Th,

Cores BAF 3B BAF37 BS

factor 1 factor 2 factor 1 factor 2 factor 1 factor 2

Al �0.9 �0.1 �0.7 0.6 �0.7 �0.6

Fe �0.9 0.0 �0.9 0.3 �1.0 �0.2

Mg �1.0 0.0 �0.9 0.5 �0.8 0.2

Ca 0.3 0.9 �0.2 0.8 �0.7 0.6

Na 0.7 �0.7 0.4 0.6 0.9 �0.4

K �0.9 �0.2 �0.9 0.3 �0.7 �0.7

Ti �0.9 �0.3 �0.8 0.6 0.8 �0.5

P 0.7 �0.2 0.0 0.9 0.9 �0.1

Mn �0.8 0.5 �0.7 �0.2 �0.9 0.2

Ni �0.9 �0.1 �0.8 �0.4 �0.9 0.2

Ba �0.9 0.3 �0.8 �0.3 �0.5 �0.7

Sr 0.8 0.3 0.7 0.4 �0.5 0.6

V bdl bdl �0.8 �0.4 �0.9 �0.3

Cu bdl bdl �0.5 �0.5 �0.9 �0.1

Pb bdl bdl 0.4 �0.3 �0.9 0.0

Zn bdl bdl �0.6 �0.6 �0.9 �0.3

Expl.Var 8.4 1.8 7.5 4.3 10.7 2.9

Prp.Totl 0.7 0.2 0.5 0.3 0.7 0.2

Table 2.
Factor loads of 16 selected elements (bold numbers indicate high positive and high negative factor loadings).
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Figure 4.
Concentrations of selected element and element oxides (in ppm) in BAF37 core sediments (in ppm),TOC%
contents, and HI values in BAF37 sediments (blue-colored area represents values measured for sediment–water
interface phase and long core sediments, jointly).
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Figure 4.
Concentrations of selected element and element oxides (in ppm) in BAF37 core sediments (in ppm),TOC%
contents, and HI values in BAF37 sediments (blue-colored area represents values measured for sediment–water
interface phase and long core sediments, jointly).
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and V/Cr–Ni/Co were applied for detailed investigations of the past lake water
column properties (Figure 5).

6.2 Chemical composition of the borehole (swamp) section (BS)

Fluctuated values between average to higher values of Si, TiO2, and Zr elements
are observed in sediments retrieved from the swamp section. These elements
exhibit similar patterns along this section. Contrarily, CaO, MnO, FeO, and Rb
concentrations reflect average to relatively low concentrations. Uppermost two
units (Us I and Us II) contain relatively high CaO, K2O, and MnO contents but low
to average concentrations of Si, Ti, Fe2O3, and Zr (Figure 6). The highest concen-
trations of Si, Zr, and TiO2 are observed in unit Us III, which has overall relatively
low concentrations of CaO, MnO, FeO, and K2O. The lowermost unit (Us IV) also
reflects a characteristic geochemical signature, with the uppermost part of this unit
containing relatively high K2O, CaO, MnO, FeO, Zn, and Rb and low Si, TiO2, and
Zr concentrations. The general downcore increasing tendency of Si, TiO2, and Zr
concentrations continues in this unit. The rapid variability of the redox-sensitive
elements (Zn, V) and V/V + Ni was observed for 2.6–4.7 m interval. Lower values of
these elements and element ratios were observed for the 7.9–9.7 and 11.3–12 m
intervals and at 6.2 m depth (Figure 6). In accordance to V/Cr, U/Th, Ni/Co, and
V/V + Ni cross-correlations, BS sediments are placed at the same specific area,
which is also characteristic for the BAF37 sediments (Figure 5).

7. Discussion

A quantitative chemostratigraphic approach, together with sedimentological
observations, has been used for a better understanding of the Late Holocene paleo-
ecological history of the Lake Bafa and related aquatic environments. Furthermore,
a sum of the selected paleo-ecosystem parameters (e.g., element concentrations and

Figure 5.
Redox conditions of the lake bottom waters and the adjacent swamp environment.

36

Sedimentary Processes - Examples from Asia,Turkey and Nigeria

element ratios) have been applied to identify the physical dynamics of the environ-
ment and the chemical characteristics of the water column, in terms of oxidation
level and salinity. Furthermore, main environmental controls on Lake Bafa aquatic
ecosystem were constructed using statistical approaches (FA) on geochemical data.

Figure 6.
Concentrations of selected elements and element oxides along the drill core BS, including TOC and HI data, and
specific element ratios as a measure for organic matter accumulation rates.
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These controls include the external processes of terrigenous supply, leading to
the enrichment of the siliciclastic elements, such as Si, Ti, and K and internal
processes of biologic activity, which results in enrichment of Ca, Mg, Sr (in endo-
genic carbonate), TOC, and P. Herewith, high negative Factor I loads indicate
similar geological sources for Al, K, Ti, Fe, Mg, Ni, Ba, and V enrichments for
lacustrine sediments (cores BAF37 and BAF3B) (Table 2). Taking into consider-
ation the Factors I and II loadings together, two main subgroups are suggested for
these sediments. The first group is mainly a clastic-sourced element group (Al, Ti,
Fe, Mg, K). The second group is related to the endogenic processes of carbonate
deposition (Ca, Sr) and organic productivity (P) and water and sediment column
redox processes (Ni, Co, V). The enrichment of these transition metals (Mn, Fe, Ni)
is probably controlled by both detrital input and redox processes in the water and
sediment columns. The factor load signature indicates that the swamp section
reflects similar sources and modes of enrichment for most of these elements
(Table 2). This suggests that the same geological processes prevailed also in
the adjacent swamp area. However, there are also differences; Ba, Sr, and Ti
enrichment pathways are different in the swamp sediments. Moreover, the nutrient
elements (mainly P) and endogenic carbonate group elements (Ca and Sr) have
similar factor (high Factor II and lower Factor I) loadings, suggesting a strong
association with the organic productivity.

7.1 Detrital input and changes in hydrological conditions

The interpretation of the detrital sources and transport intensity of the detrital
material allows us to determine the physical dynamics and energy conditions of the
Lake Bafa Basin. Basically, elemental enrichment of Si, K, Ti, Zr, and Rb indicates
the terrigenous material supply. Contrarily Sr, Ca, Mg, and Ba reflect biogenic
sources [11, 27–29]. K, Si, and Ti element enrichments and enhanced average grain
size distribution of the lake sediments (BAF37), “accumulated during the period of
2.5–2.2 ka year BP,” indicate deposition under high energy conditions (Figure 4).
This likely corresponds to a period when intensive freshwater input occurred dur-
ing the earlier stages of separation of Lake Bafa from the Aegean Sea. However, this
input was interrupted abruptly and followed by a short-term low energy conditions,
indicated by the increasing clay size fraction and Ca (carbonate) contents of the
sediments [8, 13, 31]. Average detrital input was low during the period of
1.95–0.8 cal. ka year BP, except for a brief period around 1.8 cal. ka year BP when
relatively high energy conditions prevailed, which was likely caused by an abrupt
hydrological change. After 0.8 cal. ka BP, the lake became completely isolated from
the sea [8, 9] but continued to be influenced by the water and sediment inputs in its
western part from the Büyük Menderes River. This river flooding events strongly
influenced the Lake Bafa hydrology and caused abrupt water level fluctuations as
well as rapid increases in the sedimentation rates during the Late Holocene [8, 9,
13, 30, 31]. The high variability of the river discharge was mainly controlled by the
climate-driven rainfall pattern. During the enhanced discharge events, transported
sediments could easily reach the lake since the streambed slopes have lower gradi-
ents. Therefore, we would suggest the climate-driven processes mainly controlled
the variability of the hydrological conditions in the isolated lake during the last 800
or so years. Starting from the 1990s, a rubber dam was constructed. Since then, the
lake level is currently artificially controlled.

7.2 Organic matter productivity

Relative variations of the biological production rates were determined, applying
organic matter accumulation indicators (i.e., P concentrations, Ba enrichments,
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TOC concentrations). Phosphorus is known as the main nutrient marker, which
would limit the biological productivity in any aquatic ecosystem [27, 32]. Ba
enrichments are usually considered as a productivity proxy, being incorporated in
the diatom frustules as micro-barite crystals [11, 27, 28]. However, these two ele-
ments would easily mobilize in anoxic conditions [33, 34]. Therefore, their signals
may partly diminish from the sediments [33, 34]. Particularly, bulk organic carbon
content (TOC) indicates changes in accumulation and/or preservation intensity
under changing paleoecological conditions [10, 35–37]. Furthermore, hydrogen
index (HI) values were applied to determine sedimentary organic matter sources
[37, 38].

TOC content of lacustrine sediments is observed in a wide range between 0.7
and 4.4% (BAF37). TOC concentrations of swamp section sediments are quite low
(≤1%) (Figure 6). Mean TOC content is 2.15% in the lake section and, however,
0.6% in swamp section. This obvious difference probably arises from overall dis-
tinct organic matter production processes, accumulation ranges, and preservation
conditions. Main nutrient input parameter, P, is relatively low in the older lacus-
trine sediments (core BAF 37; >1.2 cal ka years). During the recent period, P
availability was higher than the mean values. Therefore, P was probably not a
limiting factor for organic matter productivity in Lake Bafa water column. Overall
Ba trend which is similar to that of P, without obvious fluctuations, supports this
conclusion (Figure 4).

Detailed investigations of lacustrine sediments supply additional information
about time-dependent organic matter accumulation rate signs. Therefore, organic
matter transportation and production ranges were probably intensive during the
accumulation stages of the older sediments (Units III, IV, and V). During this stage,
the organic matter type was probably controlled by a mixed contribution of the
aquatic and terrestrial sources, reflected by the relatively higher HI values. Only
exceptions are observed in two (2.74 and 3.98 cm) thin layers. These layers have
lower HI values, mainly suggesting terrestrial organic matter sources. Similarly,
organic matter accumulation of the recent lacustrine sediments (Units I–II; last
0.8-ka-year record) and the entire swamp section (BS) are also sourced by the
terrestrial vegetation supply (Figure 7).

7.3 Water chemistry

Chemical properties of the water column are evaluated focusing on respective
changes in salinity and redox conditions. Mg/Ca provides important evidence for
the past salinity history of the water column. Basically, enhanced salinity (Mg/Ca)
ratio favors the formation of aragonite, whereas low salinity (Mg/Ca) ratios pro-
mote calcite precipitation. This variation has important effects on the biota and the
type of carbonate mineral accumulated in the sediments [29, 39]. Minerals
containing Ti are conservative in geochemical reactions (e.g., redox conditions)
[40]. Contrarily, changing redox conditions strongly affect iron (Fe) and manga-
nese (Mn) cycles either in sediments or water column (trend toward lower pE). In
particularly, Mn easily mobilizes in changing redox conditions than Fe [11, 41].
Accordantly, low Mn/Fe ratios reflect reducing conditions. Following the similar
aspects V/Cr, U/Th, Ni/Co, U/Th, and V/V + Ni, cross-correlations were used to
interpret past redox conditions [11, 12, 42, 43].

The Mg/Ca trend in Lake Bafa’s sedimentary successions indicates an upward
decrease, which suggests a decrease in salinity in time (Figure 7). Time-dependent
decrease of the lake water column chemistry from past to recent terms is also
supported by the diatom analysis results of the same sedimentary section (core
BAF37), published by Bulkan et al. [8, 9].
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These controls include the external processes of terrigenous supply, leading to
the enrichment of the siliciclastic elements, such as Si, Ti, and K and internal
processes of biologic activity, which results in enrichment of Ca, Mg, Sr (in endo-
genic carbonate), TOC, and P. Herewith, high negative Factor I loads indicate
similar geological sources for Al, K, Ti, Fe, Mg, Ni, Ba, and V enrichments for
lacustrine sediments (cores BAF37 and BAF3B) (Table 2). Taking into consider-
ation the Factors I and II loadings together, two main subgroups are suggested for
these sediments. The first group is mainly a clastic-sourced element group (Al, Ti,
Fe, Mg, K). The second group is related to the endogenic processes of carbonate
deposition (Ca, Sr) and organic productivity (P) and water and sediment column
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climate-driven rainfall pattern. During the enhanced discharge events, transported
sediments could easily reach the lake since the streambed slopes have lower gradi-
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7.2 Organic matter productivity

Relative variations of the biological production rates were determined, applying
organic matter accumulation indicators (i.e., P concentrations, Ba enrichments,
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TOC concentrations). Phosphorus is known as the main nutrient marker, which
would limit the biological productivity in any aquatic ecosystem [27, 32]. Ba
enrichments are usually considered as a productivity proxy, being incorporated in
the diatom frustules as micro-barite crystals [11, 27, 28]. However, these two ele-
ments would easily mobilize in anoxic conditions [33, 34]. Therefore, their signals
may partly diminish from the sediments [33, 34]. Particularly, bulk organic carbon
content (TOC) indicates changes in accumulation and/or preservation intensity
under changing paleoecological conditions [10, 35–37]. Furthermore, hydrogen
index (HI) values were applied to determine sedimentary organic matter sources
[37, 38].

TOC content of lacustrine sediments is observed in a wide range between 0.7
and 4.4% (BAF37). TOC concentrations of swamp section sediments are quite low
(≤1%) (Figure 6). Mean TOC content is 2.15% in the lake section and, however,
0.6% in swamp section. This obvious difference probably arises from overall dis-
tinct organic matter production processes, accumulation ranges, and preservation
conditions. Main nutrient input parameter, P, is relatively low in the older lacus-
trine sediments (core BAF 37; >1.2 cal ka years). During the recent period, P
availability was higher than the mean values. Therefore, P was probably not a
limiting factor for organic matter productivity in Lake Bafa water column. Overall
Ba trend which is similar to that of P, without obvious fluctuations, supports this
conclusion (Figure 4).

Detailed investigations of lacustrine sediments supply additional information
about time-dependent organic matter accumulation rate signs. Therefore, organic
matter transportation and production ranges were probably intensive during the
accumulation stages of the older sediments (Units III, IV, and V). During this stage,
the organic matter type was probably controlled by a mixed contribution of the
aquatic and terrestrial sources, reflected by the relatively higher HI values. Only
exceptions are observed in two (2.74 and 3.98 cm) thin layers. These layers have
lower HI values, mainly suggesting terrestrial organic matter sources. Similarly,
organic matter accumulation of the recent lacustrine sediments (Units I–II; last
0.8-ka-year record) and the entire swamp section (BS) are also sourced by the
terrestrial vegetation supply (Figure 7).

7.3 Water chemistry

Chemical properties of the water column are evaluated focusing on respective
changes in salinity and redox conditions. Mg/Ca provides important evidence for
the past salinity history of the water column. Basically, enhanced salinity (Mg/Ca)
ratio favors the formation of aragonite, whereas low salinity (Mg/Ca) ratios pro-
mote calcite precipitation. This variation has important effects on the biota and the
type of carbonate mineral accumulated in the sediments [29, 39]. Minerals
containing Ti are conservative in geochemical reactions (e.g., redox conditions)
[40]. Contrarily, changing redox conditions strongly affect iron (Fe) and manga-
nese (Mn) cycles either in sediments or water column (trend toward lower pE). In
particularly, Mn easily mobilizes in changing redox conditions than Fe [11, 41].
Accordantly, low Mn/Fe ratios reflect reducing conditions. Following the similar
aspects V/Cr, U/Th, Ni/Co, U/Th, and V/V + Ni, cross-correlations were used to
interpret past redox conditions [11, 12, 42, 43].

The Mg/Ca trend in Lake Bafa’s sedimentary successions indicates an upward
decrease, which suggests a decrease in salinity in time (Figure 7). Time-dependent
decrease of the lake water column chemistry from past to recent terms is also
supported by the diatom analysis results of the same sedimentary section (core
BAF37), published by Bulkan et al. [8, 9].
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Previous studies suggest that Cr, U, and V elements are rare in denitrifying
conditions. Contrarily, enhanced Ni, Co, Cu, Zn, Cd, and Mo contributions are
documented for organic-rich sediments, accumulated under sulfate-reducing bot-
tom water conditions [11, 44–46]. Cross-correlations of V/Cr–U/Th, Ni/Co–U/Th,
V/V + Ni–U/Th, and V/Cr–Ni/Co indicate that both the lake and the swamp sections
deposited mainly under oxic conditions (Figures 5 and 7). Cr, U, and V element
ratios in the Lake Bafa core and the swamp section indicate deposition under mainly
oxic conditions. Despite most of the redox proxies showing the general oxic water
column conditions, Ni/Co ratio points to somehow anoxic conditions. Furthermore,
relatively low Mn/Fe ratio of the lake sediments (core BAF-37) indicates that the
water column was probably partly oxygen depleted during 1.7–1.4 cal. ka year BP
and during the isolated lake period, starting ca. 800 years ago.

7.4 Implications for Holocene age local environmental conditions

Both tectonics and sedimentological processes (N-S extension, graben, horst,
erosion, delta progradation) and climate events (both orbital and abrupt changes)
have played spectacular roles in modulating the ecological conditions in the Eastern
Mediterranean Sea coastal areas. The ecological systems in this region include a

Figure 7.
Element ratio indicator for water chemistry conditions. (a) represents specific element ratios for core BAF37
(blue-colored area represents values measured for sediment–water interface phase and long core sediments,
jointly). (b) indicates drill core BS sediments.
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variety of terrestrial aquatic ecosystems, ranging from fluvial, lacustrine, and
lagoonal to coastal marine environments [6, 47–55]. Additional factors affecting the
environmental conditions in such systems include abrupt geological events (e.g.,
storms, earthquakes, and tsunamis) and global fluctuations of sea level changes
related to orbital climatic oscillations. We applied both sedimentological and geo-
chemical proxies to unravel the time-dependent stages of landscape evolution in the
coastal area of the Büyük Menderes Graben.

Several geological and geomorphological studies have been carried out in and
around the Lake Bafa These studies have contributed to our knowledge of the
coastal geomorphological history, sea level changes, tectonic processes driven ero-
sion rates, climate and environmental induced changes (vegetation and faunal
changes) and human impact [6, 8, 9, 48–57].

One study by Bruckner et al. [48] suggests that horst and graben tectonics in the
Büyük and Küçük Menderes Grabens caused serious environmental and coastline
changes. Mullenhoff et al. [6] concluded that the Lake Bafa was formed as a conse-
quence of erosional processes in the adjacent mainland of Turkey, which have
controlled the deltaic progradation and the filling of the Latmian Gulf. Particularly,
in Miletus and the Büyük Menderes Graben, remarkable transformations have been
revealed, with the metamorphosis of the marine gulf into residual lakes (e.g., lakes
Azap and Bafa) [48]. The coastline of the Büyük Menderes Delta, located close to
the southern graben area, progradaded seaward some 5 km [5] during the last
1.5 ka cal. year BP. Further progradation closed the entrance of the Latmian Gulf
that resulted in the isolation of the Lake Bafa from the Aegean Sea at 0.8 cal. ka year
BP. Lake Marmara in the Gediz Graben in the north, with a similar setting to that of
the Lake Bafa, shows resembling environmental evolution [5, 7, 47], with the
detrital input records reflecting synchronous changes within its catchment area.
Similar to the Lake Bafa, Marmara witnessed a marked environmental change with
a shift toward more oxic and freshwater conditions at 0.95 cal ka year BP and the
increased effects of fluvial activity during the last 300 years. [47].

The strongest human impact has been detected at the time of the Greek period in
the seventh- to first-century BC and especially during the Roman period in the first-
century BC until the fourth-century AD, when sedimentation was about five times
higher than that in the periods before and after [22]. These changes were accompa-
nied by changes in the vegetation type. The palynological analyses have shown high
amounts of Quercus type before the period of the strong human impact, which is
also reflected by the element composition of the relatively recent sediments, water
column samples, plant, and shells that have been analyzed for the pollution assess-
ment studies [49–52].

A sum of local environmental conditions in the Lake Bafa and its catchment
changed during the last 4.5 cal. ka years, but still several questions in this context
remain to be answered. Basic questions are as follows: (I) Are the sediment accu-
mulation rates different during the lacustrine, lagoon, or shallow water environ-
mental phases and transitional stages? [53, 54], (II) how does the radiocarbon
reservoir effect varies with changing environmental stages and time? [53, 54],
(III) what is the temporal evolution of meandering delta progradation? and (IV)
would it be possible to estimate the behavior and frequency of the river flood
intensity from the lake’s sedimentary record? These questions can be addressed by
acquiring and analyzing additional long cores from different parts of the lake and
from the delta. Furthermore, the same cores can be used to study rapid geological
and climatic events such as tsunamis, volcanic explosions, and storms. Additional
methods, including diatom analysis [8, 9], isotope analysis [8, 9], and lipid or amino
acid biomarker analyses, would contribute further to our understanding of the
ecological evolution of this unique basin.
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sion rates, climate and environmental induced changes (vegetation and faunal
changes) and human impact [6, 8, 9, 48–57].

One study by Bruckner et al. [48] suggests that horst and graben tectonics in the
Büyük and Küçük Menderes Grabens caused serious environmental and coastline
changes. Mullenhoff et al. [6] concluded that the Lake Bafa was formed as a conse-
quence of erosional processes in the adjacent mainland of Turkey, which have
controlled the deltaic progradation and the filling of the Latmian Gulf. Particularly,
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revealed, with the metamorphosis of the marine gulf into residual lakes (e.g., lakes
Azap and Bafa) [48]. The coastline of the Büyük Menderes Delta, located close to
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1.5 ka cal. year BP. Further progradation closed the entrance of the Latmian Gulf
that resulted in the isolation of the Lake Bafa from the Aegean Sea at 0.8 cal. ka year
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intensity from the lake’s sedimentary record? These questions can be addressed by
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8. Conclusions

Paleolimnological study of the Middle to Late Holocene lacustrine archive of
Lake Bafa allowed us to reconstruct the geological history of the Büyük Menderes
Graben’s coastal area.

Lithological and geochemical analyses of the 4.2-m-long lacustrine core BAF37
and 12-m-long swamp drill core BS in the adjacent area provide a continuous
archive of environmental changes during the last 2.5 and 4.5 cal. ka years, respec-
tively. Geochemical and sedimentological proxy records from both cores show the
following significant changes in the ecosystem of the area, from oldest to the
present-day: stage IV, marine-dominated (4.5–2.7 cal. ka year BP); stage III,
marine–river interaction (2.7–1.75 cal. ka year BP); stage II, lagoon (1.75–0.8 ka year
BP); and stage I, the recent isolated swamp lake (last 0.8 cal. ka). This transition
from marine stage to the recent lacustrine conditions was somewhat a gradual
process, and the environmental conditions during the stage III were predominantly
controlled by the tectonics and postglacial sea level rise, resulting in subsidence,
erosion, sediment transport, and delta progradation.

The redox conditions were oxic before the isolation but became relatively
reducing during the ensuing period. K, Si, and Ti concentrations and grain size
distributions reflect a high energy environment interrupted by fluctuating short-
term low energy conditions during 2.5–2.2 cal. ka year BP. Low energy conditions
also prevailed during the 2.2–0.8 cal. ka yr. BP and particularly during the last
800 years.

Our observations indicate that ecosystem characteristics of the study are con-
trolled by the combination of the hydroclimate and geotectonic processes. How-
ever, their effect of intensity is also reflecting changes from past to previous terms.
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Chapter 4

Fingerprinting Sources of the 
Sediments Deposited in the 
Riparian Zone of the Ruxi 
Tributary Channel of the Three 
Gorges Reservoir (China)
Zhonglin Shi, Dongchun Yan, Anbang Wen  
and Yongyan Wang

Abstract

The riparian zone of the Three Gorges Reservoir serves as a critical transitional 
zone located between the aquatic and surrounding terrestrial environments. The 
periodic anti-seasonal alternation of wet and dry periods results in an intensive 
exchange of substance within the riparian zone. The discrimination of the sources 
of the sediments deposited within the riparian zone is of fundamental importance 
for the evaluation of the soil pollution and associated environmental impacts and 
for the protection of the water quality in the reservoir. In this study, a composite 
fingerprinting technique has been applied to apportion the sediment sources for 
the riparian zone with different elevations, ranging between 145—155, 155–165, 
and 165–175 m in a typical tributary channel. From a sediment perspective, the 
sediments suspended from the Yangtze mainstream represent the primary sources 
of the riparian deposits. From a contamination perspective, the sediment input 
from the Ruxi tributary channel represents an important source of pollution for the 
riparian environment. More effective sediment and sediment-associated contami-
nant control plans are needed to reduce the potential environmental problems of 
the riparian zone.

Keywords: riparian zone, sediment source, fingerprinting, contaminant,  
Three Gorges Reservoir

1. Introduction

Since the full impoundment of the Three Gorges Reservoir in late 2010, a dis-
tinctive reservoir marginal landscape has been created, which is commonly known 
as the riparian zone [1, 2]. This zone, also named as water-level fluctuation zone 
[3] or littoral zone [4], is a unique artificial landscape that formed after the con-
struction of the Three Gorges Dam on the Yangtze River. Definitely, the reservoir 
riparian zone refers to the elevation ranges between the base water level of 145 m 
in wet season for flood control and the peak level of 175 m in dry season for energy 
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from the Ruxi tributary channel represents an important source of pollution for the 
riparian environment. More effective sediment and sediment-associated contami-
nant control plans are needed to reduce the potential environmental problems of 
the riparian zone.
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1. Introduction

Since the full impoundment of the Three Gorges Reservoir in late 2010, a dis-
tinctive reservoir marginal landscape has been created, which is commonly known 
as the riparian zone [1, 2]. This zone, also named as water-level fluctuation zone 
[3] or littoral zone [4], is a unique artificial landscape that formed after the con-
struction of the Three Gorges Dam on the Yangtze River. Definitely, the reservoir 
riparian zone refers to the elevation ranges between the base water level of 145 m 
in wet season for flood control and the peak level of 175 m in dry season for energy 
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generation. Unlike the traditional riparian zones in natural river systems that were 
affected by irregular or occasional overbank flooding, the reservoir riparian zone 
is characterized by the regular water level fluctuation as a result of the reservoir 
impoundment [5].

The riparian zone of the Three Gorges Reservoir has a vertical height of 30 m, 
and extends ca. 663 km along the mainstream of the Yangtze River, with a total 
area of 349 km2 [3]. After its generation, the riparian zone has been subjected to an 
annually cyclic inundation and exposure. As a critical transitional zone between the 
aquatic and terrestrial ecosystems, numerous environmental issues related to this 
zone have captured extensive attention in recent years, such as bank erosion [6], 
revegetation [7], sedimentation, and associated contamination [1, 2, 8].

During the impounding period of the reservoir, which typically extends from 
September to next June, the increased water depth and decreased flow velocity 
provide much opportunities for the deposition and storage of sediment and sedi-
ment-associated contaminants, both within the channel and on the areas bordering 
the channel, for example, the riparian zone. Despite no obvious deterioration in 
water quality in the mainstream of the Yangtze River, most of the tributaries have 
experienced serious eutrophication since the operation of the reservoir [9]. Serving 
as an important carrier of contaminants, the sediment deposited and subsequently 
stored within the riparian zone of the reservoir may also result in the pollution of 
the environment. Within the exposure period, which represents the wet season of 
the Yangtze River basin, remobilization of the contaminated sediment deposited 
within the riparian zones by slope and bank erosions may reintroduce nutrients 
and contaminants into the watercourse. Moreover, the repeated agricultural use of 
the riparian areas will have the potential to transmit the enriched contaminants to 
human via food chains. In this context, information on the source of the riparian 
deposits is needed for the development of environmentally sound water and sedi-
ment management strategies.

Sediment fingerprinting is a widely employed approach to quantify the relative 
contribution of potential sources to the target sediment, such as suspended sediments 
delivered either in riverine systems or at the outlet of a catchment or deposits col-
lected from floodplains, reservoirs, wetlands, and lakes. This technique can be traced 
back to the 1970s, and the past 40 years has witnessed the progressive development 
and refinement of the approach [10]. The most important assumption underpinning 
the fingerprinting technique is that one or more of the physical or chemical proper-
ties (i.e., fingerprints) could clearly differentiate potential sources of the sediment. A 
wide range of soil and sediment properties have now been successfully used as finger-
prints, including mineral magnetics, fallout radionuclides, color, geochemistry, and 
stable isotopes [11]. Along with the increasing number of properties being used in 
fingerprinting studies, there is a need to select the “best” set of properties to discrimi-
nate between sediment sources. Although a lot of statistical analyses have been tested 
to identify the optimum combination of those properties, one commonly adopted 
procedure involves a two-step process, which combined Kruskal-Wallis H-test as 
first step and discrimination function analysis as second step [12]. A recent work has 
also demonstrated that this two-step fingerprint selection procedure (KW + DFA) 
was found to be the most effective option, which provides the most reliable source 
apportionment results in their study catchment [13].

The Ruxi River catchment is located in the middle section of the Three Gorges 
Reservoir region and drains an area of 721.4 km2. The river extends approximately 
54.5 km and is a first-order tributary of the Yangtze River (Figure 1). This catch-
ment is characterized by a subtropical humid monsoonal climate. The mean 
annual rainfall is about 1140 mm, with approximately 70% falls between May and 
September. The soils are purple soils and the land uses are dominated by arable land 
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and woodland. The riparian zone in the Ruxi catchment covers an area of 6.4 km2 
and extends about 6 km upstream from its confluence with the Yangtze main-
stream. The riparian zone is characterized by gentle slopes with the gradient less 
than 15° and is subjected to evident sediment deposition during the impounding 
period of the reservoir.

In this study, the sediment source fingerprinting technique was applied to 
discriminate deposited sediment sources in the riparian zone of the Ruxi tributary 
channel in the Three Gorges Reservoir, China. The main objectives were (i) to test 
the feasibility of using fingerprinting approach to estimate the relative contribution 
of potential sources to the sediment deposited within the riparian zone and (ii) to 
explore the environmental implications of sediment sources.

2. Materials and methods

2.1 Sediment source classification

The identification and the classification of the potential sediment sources 
within a catchment or river basin is of fundamental importance for a successful 
application of the fingerprinting approaches. The sources have been classified 

Figure 1. 
The study area and sampling sites.
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also demonstrated that this two-step fingerprint selection procedure (KW + DFA) 
was found to be the most effective option, which provides the most reliable source 
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The Ruxi River catchment is located in the middle section of the Three Gorges 
Reservoir region and drains an area of 721.4 km2. The river extends approximately 
54.5 km and is a first-order tributary of the Yangtze River (Figure 1). This catch-
ment is characterized by a subtropical humid monsoonal climate. The mean 
annual rainfall is about 1140 mm, with approximately 70% falls between May and 
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and extends about 6 km upstream from its confluence with the Yangtze main-
stream. The riparian zone is characterized by gentle slopes with the gradient less 
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The study area and sampling sites.
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based on the source type (e.g., surface or sub-surface erosion, areas under different 
land use) or on spatial location (e.g., sub-catchments or geological units). Despite 
that most existing studies have focused on discriminating sources types [10], 
information on spatial source, for example tributary sub-basins, might be more 
important at larger scales [14].

Three spatially differentiated sources have been identified in this study to appor-
tion their contribution to the sediments deposited within the riparian zone of the 
Ruxi tributary channel. Firstly, the upside soils above the 175 m elevation level have 
the possibility to be moved downward as a result of surface erosion associated with 
rainfall events and agricultural disturbance, which therefore provide a potential 
source (Source 1) of the sediment. Secondly, the suspended sediments transported 
by both the mainstream of Yangtze River (Source 2) and the upstream Ruxi River 
(Source 3) are also likely to be deposited and stored within the riparian zone during 
the impounding period of the reservoir.

2.2 Sample collection

Representative samples of the deposited sediments have been collected from the 
riparian zone at six sections along the Ruxi River by using artificial grass mats as 
sediment traps. At each section, the 30 m high riparian zone has been subdivided 
into three intervals of elevation (145–155, 155–165, and 165–175 m). For each 
interval, one small piece of plastic mat with an area of 1 × 1 m has been fixed to the 
soil surface with steel pins prior to inundation. The time-integrated deposited sedi-
ments have been sampled between September 2015 and June 2016, encompassing a 
complete inundation and exposure period of the riparian zone.

At each section for deposited sediment collection, surface soils (0–2 cm) have 
been grabbed at locations with actively eroding signs and immediately above the 
175 m elevation level. To increase the representativeness of the source samples, 
several subsamples have been collected within the vicinity of each sampling loca-
tion and then mixed to produce a composite sample (n = 6).

The collection of fluvial suspended sediments (Source 2 and Source 3) has been 
undertaken monthly from September 2015 to June 2016. One time-integrating 
sediment trap has been deployed in the main channel of the Yangtze River, which 
is located at approximately 1 km upstream from the confluence with the Ruxi River 
(Figure 1). The trap consists of a floating barrel fixed at 1.5 m below the ambient 
water surface. Using the same method, suspended samples of the Ruxi tributary 
have been collected from a site near the center of the river channel cross section. 
This sampling site was located about 5 km upstream of the tributary. Totally, 18 
samples of the suspended sediment transported by both the Yangtze mainstream 
(n = 9) and Ruxi River (n = 9), which representing Source 2 and Source 3, respec-
tively, were collected.

It is noted that, however, the specific flow regulation mode of the Three Gorges 
Dam leads to remarkable difference in water level residence time and inundation 
duration between different elevations within the 30-m-height zone. Typically, 
water level rises rapidly from 145 to 175 m during the period spanning from mid-
September to early October; then, it remains at the peak level until late January. 
Subsequently, water level retreats gradually to the 145 m base level in early June, 
which then maintain around this level until next inundation period (Figure 2). 
Therefore, deposited sediment sources from the suspended material originating 
from the mainstream and tributary vary temporally with the variation of water 
levels. In the case of the 145–155 m elevation, the inundation duration lasts for 
nearly 9 months. For the upper 155–165 and 165–175 m elevations, the riparian 
zones are submerged for about 6 and 4 months, respectively. In the case of the 
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Source 1, however, the eroded material has the equal chance to be transported 
downward and stored within different elevations. In this context, sediment 
sources have been allocated according to the submerging and sampling periods 
with the exception of Source 1.

2.3 Laboratory analysis

The deposited sediment collected on each mat has been rinsed using deionized 
water and recovered by sedimentation and centrifugation. After being retrieved 
from the traps, the suspended sediment samples (Source 2 and Source 3) have 
been also obtained by setting and centrifugation in the laboratory. In the case of 
the composite topsoil samples, stones and visible plant debris have been discarded 
before being dried.

All samples have been air-dried at room temperature, gently disaggregated 
using a pestle and mortar and screened through a 2-mm sieve. Subsamples of 
the <2 mm fraction of the target deposit were measured firstly to determine the 
grain size distribution using a laser diffraction granulometer (Mastersizer 2000, 
Malvern Instruments). Prior to analysis, the samples were pretreated with 10% 
H2O2 and 10% HCl to remove organic matter and CaCO3, respectively, and then 
dispersed with ultrasound for 2 minutes. The obtained results have revealed that 
the deposited sediments collected from the riparian zone with different eleva-
tion levels were dominated by silt and clay particles, in which over 90% of the 
sediment was <63 μm in size. Consequently, all source material and deposited 
sediment samples were sieved to <63 μm to obtain a comparable grain-size faction 
between source and sediment material. Subsequent analyses were restricted to 
the <63 μm fraction.

A total of 18 potential fingerprinting properties were selected for analysis. 
Concentrations of TOC and TN were measured using a vario MACRO cube element 
analyzer (Elementar, Germany) after the removal of CaCO3 using 10% HCl. Other 
elements, including TP, K, Mg, Na, Ca, Fe, Al, Cr, Mn, Ti, Zn, Cd, Co, Cu, Ni, and 
Pb, were determined using ICP-OES and ICP-MS following a microwave-assisted 
digestion with HNO3 and HF. Duplicates, method blanks, and standard reference 
materials (GBW07401) were used for quality assurance and control.

Figure 2. 
Dynamic of water levels with the inundation period of the Three Gorges Reservoir.
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based on the source type (e.g., surface or sub-surface erosion, areas under different 
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information on spatial source, for example tributary sub-basins, might be more 
important at larger scales [14].
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Ruxi tributary channel. Firstly, the upside soils above the 175 m elevation level have 
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source (Source 1) of the sediment. Secondly, the suspended sediments transported 
by both the mainstream of Yangtze River (Source 2) and the upstream Ruxi River 
(Source 3) are also likely to be deposited and stored within the riparian zone during 
the impounding period of the reservoir.
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have been collected from a site near the center of the river channel cross section. 
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samples of the suspended sediment transported by both the Yangtze mainstream 
(n = 9) and Ruxi River (n = 9), which representing Source 2 and Source 3, respec-
tively, were collected.

It is noted that, however, the specific flow regulation mode of the Three Gorges 
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Source 1, however, the eroded material has the equal chance to be transported 
downward and stored within different elevations. In this context, sediment 
sources have been allocated according to the submerging and sampling periods 
with the exception of Source 1.
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before being dried.
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between source and sediment material. Subsequent analyses were restricted to 
the <63 μm fraction.

A total of 18 potential fingerprinting properties were selected for analysis. 
Concentrations of TOC and TN were measured using a vario MACRO cube element 
analyzer (Elementar, Germany) after the removal of CaCO3 using 10% HCl. Other 
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Figure 2. 
Dynamic of water levels with the inundation period of the Three Gorges Reservoir.
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2.4 Sediment source discrimination

The measured values have been firstly tested for normality prior to proceed with 
the statistical selection of potential fingerprint properties [15]. Particle size and 
organic matter correction factors were not included in this study to avoid the risk 
of over-correction of the tracer values [16, 17]. Table 1 shows that some proper-
ties exhibit non-normal distribution. Nonetheless, the majority of the fingerprint 
properties for source and target samples in different elevation levels have passed 
the Shapiro-Wilk test, confirming that these data were normal in distribution. Since 
the number of samples in this study is relatively small and the mean values are 
more sensitive than the median, the median values for individual properties in both 
source and target samples are used for further analyses.

One fundamental assumption underpinning the sediment source fingerprint-
ing techniques is that the tracer properties, which were selected to discriminate 
between sources, should behave conservatively during mobilization and delivery 
through the catchment system [14]. Although the conservative behavior of the 

Elevation level (m) Properties passed the range test

145–155 TN, TOC, TP, Na, Ti, Mn, Cr, Zn, Pb, Cd

155–165 TN, TOC, TP, Ca, Mg, Na, Ti, Mn, Cu, Cd

165–175 TN, TOC, TP, Fe, Al, Ca, Mg, K, Na, Ti, Mn, Cu, Cr, Pb, Cd

Table 2. 
Fingerprinting properties passed the range test for different elevation levels in the riparian zone.

145–155 m 155–165 m 165–175 m

Property H-value P-value Property H-value P-value Property H-value P-value

TN 13.814 0.001* TN 11.275 0.004* TN 8.857 0.012*

TOC 14.658 0.001* TOC 11.275 0.004* TOC 8.857 0.012*

TP 14.487 0.001* TP 12.329 0.002* TP 9.736 0.008*

Na 9.937 0.007* Ca 12.784 0.002* Fe 4.295 0.117

Ti 16.275 0.000* Mg 11.368 0.003* Al 1.929 0.381

Mn 14.656 0.001* Na 9.697 0.008* Ca 11.429 0.003*

Cr 5.889 0.053 Ti 11.699 0.003* Mg 8.000 0.018*

Zn 10.926 0.004* Mn 12.784 0.002* K 1.529 0.466

Pb 12.010 0.002* Cu 3.029 0.220 Na 5.618 0.060

Cd 13.469 0.001* Cd 12.501 0.002* Ti 8.324 0.016*

Mn 11.000 0.004*

Cu 4.524 0.104

Cr 4.614 0.100

Pb 10.629 0.005*

Cd 10.315 0.006*

*Statistically significant values at P ≤ 0.05.

Table 3. 
The results of applying the Kruskal-Wallis H-test to the fingerprint property dataset for different elevation 
levels in the riparian zone.
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2.4 Sediment source discrimination

The measured values have been firstly tested for normality prior to proceed with 
the statistical selection of potential fingerprint properties [15]. Particle size and 
organic matter correction factors were not included in this study to avoid the risk 
of over-correction of the tracer values [16, 17]. Table 1 shows that some proper-
ties exhibit non-normal distribution. Nonetheless, the majority of the fingerprint 
properties for source and target samples in different elevation levels have passed 
the Shapiro-Wilk test, confirming that these data were normal in distribution. Since 
the number of samples in this study is relatively small and the mean values are 
more sensitive than the median, the median values for individual properties in both 
source and target samples are used for further analyses.

One fundamental assumption underpinning the sediment source fingerprint-
ing techniques is that the tracer properties, which were selected to discriminate 
between sources, should behave conservatively during mobilization and delivery 
through the catchment system [14]. Although the conservative behavior of the 

Elevation level (m) Properties passed the range test

145–155 TN, TOC, TP, Na, Ti, Mn, Cr, Zn, Pb, Cd

155–165 TN, TOC, TP, Ca, Mg, Na, Ti, Mn, Cu, Cd

165–175 TN, TOC, TP, Fe, Al, Ca, Mg, K, Na, Ti, Mn, Cu, Cr, Pb, Cd

Table 2. 
Fingerprinting properties passed the range test for different elevation levels in the riparian zone.

145–155 m 155–165 m 165–175 m

Property H-value P-value Property H-value P-value Property H-value P-value

TN 13.814 0.001* TN 11.275 0.004* TN 8.857 0.012*

TOC 14.658 0.001* TOC 11.275 0.004* TOC 8.857 0.012*

TP 14.487 0.001* TP 12.329 0.002* TP 9.736 0.008*

Na 9.937 0.007* Ca 12.784 0.002* Fe 4.295 0.117

Ti 16.275 0.000* Mg 11.368 0.003* Al 1.929 0.381

Mn 14.656 0.001* Na 9.697 0.008* Ca 11.429 0.003*

Cr 5.889 0.053 Ti 11.699 0.003* Mg 8.000 0.018*

Zn 10.926 0.004* Mn 12.784 0.002* K 1.529 0.466

Pb 12.010 0.002* Cu 3.029 0.220 Na 5.618 0.060

Cd 13.469 0.001* Cd 12.501 0.002* Ti 8.324 0.016*

Mn 11.000 0.004*

Cu 4.524 0.104

Cr 4.614 0.100

Pb 10.629 0.005*

Cd 10.315 0.006*

*Statistically significant values at P ≤ 0.05.

Table 3. 
The results of applying the Kruskal-Wallis H-test to the fingerprint property dataset for different elevation 
levels in the riparian zone.
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tracer properties is complex and difficult, if not impossible, to quantify, a modi-
fied range test was applied to ensure that the median concentration for each tracer 
associated with the target falls within the range of median concentrations of that 
tracer associated with the potential sources [18]. The potential fingerprinting prop-
erties, which passed the range test for each elevation level, are listed in Table 2. It 
has been recognized that such a range test is simply a method of selection to exclude 
the properties suffering a significant change during the transport within the fluvial 
system; thus, complete absence of tracer property transformation (i.e., conservative 
behavior) is not guaranteed [19].

A two-stage statistical procedure [12] was then applied to the source material 
properties passing the range test to identify the composite fingerprints that provide 
a good discrimination between sources. During the first stage, the Kruskal-Wallis 
H-test was used to select properties exhibiting significant differences (P ≤ 0.05) 
between the individual sources (Table 3). Properties passing the Kruskal-Wallis 
H-test are then tested, in stage two, by stepwise multivariate discriminant function 
analysis (DFA) to identify the optimum combination of tracers for discriminating the 
source groups (Table 4). In this stage, each fingerprint property was selected based 
on the minimization of Wilks’ λ and a probability value for parameter entry of 0.05.

3. Results

A frequentist-based multivariate mixing model [12] was applied to assess the 
relative contribution of the three potential sources to the deposited sediment 
samples collected from each designated riparian zone. In this method, the propor-
tions P contributed by the m individual sources s are quantified by minimizing the 
sum of the squares of the residuals (Res) for the n tracer properties involved, where:

    R  es   =  ∑ 
i=1

  
n
      (   C  di   −  ( ∑ s=1  m     C  si    P  s  )   ______________  C  di  

  )    
2

   (1)

and Cdi is the concentration of tracer property i in the deposited sediment 
sample, Csi is the concentration of tracer property i in source group s and Ps is the 

Elevation level (m) Step Fingerprint Wilks’ λ Cumulative % source type samples classified correctly

145–155 1 Cd 0.367 62.5

2 Ti 0.138 91.7

3 Mn 0.088 95.8

155–165 1 Mg 0.277 61.1

2 Mn 0.075 94.4

3 TP 0.026 100.0

4 TOC 0.014 100.0

165–175 1 Ca 0.016 100.0

2 TN 0.001 100.0

3 TP 0.001 100.0

Table 4. 
The optimum composite fingerprint for different elevation levels in the riparian zone established using stepwise 
discriminant function analysis.
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relative proportion from source group s. Note that two constraints are imposed 
on the mixing model: (a) the relative contributions from the individual sediment 
sources must lie between 0 and 100%, and (b) these contributions sum to 100%.

The mixing model was optimized using the OptQuest algorithm in Oracle’s 
Crystal Ball software. To address the uncertainties associated with representation of 
the sources and targets by single property values (e.g., mean or median), Student’s 
t-distributions were assigned for each source (Csi) and target sediment property 
(Cdi) using measured median as location and the product of standard deviation and 
n−1/2 as scale parameter, where n is the number of samples [20]. The proportional 
contribution for each source was repeatedly solved for 1000 times using a Latin 
Hypercube sampling method.

The results of Latin Hypercube sampling procedure documented that the esti-
mates of sediment contribution to the riparian deposits from the individual sources 
involved limited uncertainty bands of ±0.5–0.7% at the 95% level of confidence. 
Consequently, the proportional source contributions are reported as absolute 
median values in the following section when comparing and explaining the results.

The robustness of the optimized solutions of the mixing model was assessed 
using a goodness-of-fit (GOF) function, which compares the actual fingerprint 
property concentration measured in target sediment with the corresponding values 
predicted by the model, based on the optimized percentage contribution from each 
source group [21]. The GOF function is defined as:

  GOF = 1 −  [  1 __ n    ∑ 
i=1

  
n
       | C  di   −  ∑ s=1  m     C  si    P  s  |   _____________  C  di  

  ]   (2)

Figure 3 presents the median contributions from individual source types to the 
deposited sediment samples collected from the riparian zone with different elevation 
level. The GOF values range between 0.88 and 0.95, indicating that the modeling 
results are acceptable. The sources of the suspended material from the Yangtze main-
stream (Source 2) contributed the most proportion (>40%) to the deposited sediment 
for all three elevation levels of the riparian zone. There were, however, clear evidence of 
significant contrasts between the contributions from the other two sources (i.e., sources 
1 and 3) for the 145–155 m elevation level and the other two upper elevation levels. 
In the case of the sources of topsoil above the riparian zone (Source 1), the estimated 
contribution to the lowest 145–155 m deposits was only about half of those to the other 
two upper elevation levels. In the case of the sediment input from the Ruxi tributary 
(Source 3), the relative contribution decreased with increasing elevation, despite that 
the values were comparable between the upper 155–165 and 165–175 m levels.

4. Discussion

4.1 Sediment source apportionment

A good discrimination between the sources (Table 3) and high levels of correct 
classification of source type samples (Table 4) were provided by the two-stage 
statistical procedure following the normality and conservatism tests. More par-
ticularly, the source contribution estimation produced by the mixing model has 
generated high values of GOF and limited levels of uncertainty. The results indicate 
that reliable estimates of sediment source contribution were obtained by using the 
fingerprinting technique in this investigation.

The source ascription results presented in Figure 3 clearly verify that the contri-
bution of the sediments suspended from both the Yangtze mainstream and the Ruxi 
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tracer properties is complex and difficult, if not impossible, to quantify, a modi-
fied range test was applied to ensure that the median concentration for each tracer 
associated with the target falls within the range of median concentrations of that 
tracer associated with the potential sources [18]. The potential fingerprinting prop-
erties, which passed the range test for each elevation level, are listed in Table 2. It 
has been recognized that such a range test is simply a method of selection to exclude 
the properties suffering a significant change during the transport within the fluvial 
system; thus, complete absence of tracer property transformation (i.e., conservative 
behavior) is not guaranteed [19].

A two-stage statistical procedure [12] was then applied to the source material 
properties passing the range test to identify the composite fingerprints that provide 
a good discrimination between sources. During the first stage, the Kruskal-Wallis 
H-test was used to select properties exhibiting significant differences (P ≤ 0.05) 
between the individual sources (Table 3). Properties passing the Kruskal-Wallis 
H-test are then tested, in stage two, by stepwise multivariate discriminant function 
analysis (DFA) to identify the optimum combination of tracers for discriminating the 
source groups (Table 4). In this stage, each fingerprint property was selected based 
on the minimization of Wilks’ λ and a probability value for parameter entry of 0.05.

3. Results

A frequentist-based multivariate mixing model [12] was applied to assess the 
relative contribution of the three potential sources to the deposited sediment 
samples collected from each designated riparian zone. In this method, the propor-
tions P contributed by the m individual sources s are quantified by minimizing the 
sum of the squares of the residuals (Res) for the n tracer properties involved, where:

    R  es   =  ∑ 
i=1

  
n
      (   C  di   −  ( ∑ s=1  m     C  si    P  s  )   ______________  C  di  

  )    
2

   (1)

and Cdi is the concentration of tracer property i in the deposited sediment 
sample, Csi is the concentration of tracer property i in source group s and Ps is the 

Elevation level (m) Step Fingerprint Wilks’ λ Cumulative % source type samples classified correctly

145–155 1 Cd 0.367 62.5

2 Ti 0.138 91.7

3 Mn 0.088 95.8

155–165 1 Mg 0.277 61.1

2 Mn 0.075 94.4

3 TP 0.026 100.0

4 TOC 0.014 100.0

165–175 1 Ca 0.016 100.0

2 TN 0.001 100.0

3 TP 0.001 100.0

Table 4. 
The optimum composite fingerprint for different elevation levels in the riparian zone established using stepwise 
discriminant function analysis.
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relative proportion from source group s. Note that two constraints are imposed 
on the mixing model: (a) the relative contributions from the individual sediment 
sources must lie between 0 and 100%, and (b) these contributions sum to 100%.

The mixing model was optimized using the OptQuest algorithm in Oracle’s 
Crystal Ball software. To address the uncertainties associated with representation of 
the sources and targets by single property values (e.g., mean or median), Student’s 
t-distributions were assigned for each source (Csi) and target sediment property 
(Cdi) using measured median as location and the product of standard deviation and 
n−1/2 as scale parameter, where n is the number of samples [20]. The proportional 
contribution for each source was repeatedly solved for 1000 times using a Latin 
Hypercube sampling method.

The results of Latin Hypercube sampling procedure documented that the esti-
mates of sediment contribution to the riparian deposits from the individual sources 
involved limited uncertainty bands of ±0.5–0.7% at the 95% level of confidence. 
Consequently, the proportional source contributions are reported as absolute 
median values in the following section when comparing and explaining the results.

The robustness of the optimized solutions of the mixing model was assessed 
using a goodness-of-fit (GOF) function, which compares the actual fingerprint 
property concentration measured in target sediment with the corresponding values 
predicted by the model, based on the optimized percentage contribution from each 
source group [21]. The GOF function is defined as:

  GOF = 1 −  [  1 __ n    ∑ 
i=1

  
n
       | C  di   −  ∑ s=1  m     C  si    P  s  |   _____________  C  di  

  ]   (2)

Figure 3 presents the median contributions from individual source types to the 
deposited sediment samples collected from the riparian zone with different elevation 
level. The GOF values range between 0.88 and 0.95, indicating that the modeling 
results are acceptable. The sources of the suspended material from the Yangtze main-
stream (Source 2) contributed the most proportion (>40%) to the deposited sediment 
for all three elevation levels of the riparian zone. There were, however, clear evidence of 
significant contrasts between the contributions from the other two sources (i.e., sources 
1 and 3) for the 145–155 m elevation level and the other two upper elevation levels. 
In the case of the sources of topsoil above the riparian zone (Source 1), the estimated 
contribution to the lowest 145–155 m deposits was only about half of those to the other 
two upper elevation levels. In the case of the sediment input from the Ruxi tributary 
(Source 3), the relative contribution decreased with increasing elevation, despite that 
the values were comparable between the upper 155–165 and 165–175 m levels.

4. Discussion

4.1 Sediment source apportionment

A good discrimination between the sources (Table 3) and high levels of correct 
classification of source type samples (Table 4) were provided by the two-stage 
statistical procedure following the normality and conservatism tests. More par-
ticularly, the source contribution estimation produced by the mixing model has 
generated high values of GOF and limited levels of uncertainty. The results indicate 
that reliable estimates of sediment source contribution were obtained by using the 
fingerprinting technique in this investigation.

The source ascription results presented in Figure 3 clearly verify that the contri-
bution of the sediments suspended from both the Yangtze mainstream and the Ruxi 
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tributary channel dominate the sediments deposited in the riparian zone of the 
reservoir. The sediment contribution originated from these two sources occupied 
a total proportion of 69.7–84.2%, although there is some evidence of a declining 
trend with increased elevation. The highest proportional contribution documented 
for the lowest elevation level of 145–155 m was closely related to the longest water 
retention time at this level (Figure 2), which means that there will be more oppor-
tunities for sediment deposition.

In contrast, the proportion of the topsoil source contribution increased from 
15.8 to 30.3% with the increasing of elevation. The higher contribution of the 
topsoil source to the deposits in upper elevation levels (i.e., 155–165 and 165–175 m) 
could probably be attributed to the proximity of sources to the target sediment 
sampling sites. During the periods September–October and April–June, which rep-
resent the end and the beginning of the wet season in the study area, respectively, 
sediment originating from the upper lands above the riparian zone caused by water 
erosion will be preferentially stored in adjacent fields as a result of gentle slope gra-
dient. The relative contribution of this source type to the deposited sediment at the 
145–155 m elevation level is therefore much less than those for the upper portions of 
the riparian zone.

The relatively high sediment contribution from the Ruxi tributary to the 
145–155 m deposits might again be explained by the relatively longer submerging 
period, which last for nearly 9 months (Figure 2). Probably more importantly, the 
sediment mobilized from the upstream catchment and transferred to the Ruxi River 
during the wet periods September–October and April–June may be predominantly 
deposited within the 145–155 m level due to the impoundment of the reservoir.

4.2 Environmental implications for sediment source contribution

The information on the relative contribution of potential sediment sources can 
also be used to evaluate the relative importance of the contributions of sediment-
associated nutrients and contaminants [22]. Figure 4 compares the mean element 
concentrations for the riverine suspended sediments (sources 2 and 3) and local 

Figure 3. 
The median relative contribution of each source type to the deposited sediment collected from the riparian zone 
with different elevation levels.
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topsoils (Source 1) during the whole sampling period. The presented results show 
that for all the nutrients (TN, TOC, TP) and some heavy metals (e.g., Mn, Zn, Pb, 
Cd), the average element concentrations in the suspended fluvial sediments were 
significantly higher than that one of the local soils. Combining this information 
with the relative contribution of the suspended fluvial sediments to the riparian 
deposits, it can be inferred that the sediment-associated nutrients and contami-
nants transported from both the Yangtze mainstream and the Ruxi tributary 
represent dominant sources of the contaminants deposited within the riparian 
zone. Recent studies have documented elevated levels of nutrients [23] and heavy 
metals [23–25] in the riparian zone of the Three Gorges Reservoir. In this context, 
the accumulated deposition and storage of fine-grained sediment and associated 
nutrients and contaminants within the riparian zone of the reservoir may exert 
negative environmental impacts on aquatic ecosystems and the agricultural use of 
riparian lands. Moreover, the nutrients and contaminants that stored within the 
riparian zones may have great potential to be reintroduced into the river system by 
future bank erosion and/or release to the water column accompanying the annually 
cyclic soaking.

5. Conclusions

The regular closure in dry season and the water drainage in rainy season of the 
Three Gorges Dam on the Yangtze River have resulted in significant sedimentation 
and enrichment of sediment-associated nutrients and contaminants in the reservoir 
riparian zone. Against this background, the fingerprinting approach was applied to 
assess the sources of sediment that deposited within the riparian zone of a tributary 
after the impoundment of the reservoir. Despite significant contrast of sediment 
contribution from individual sources that was documented for different elevation 
levels of the riparian zone, the sediments suspended from the Yangtze mainstream 
was demonstrated to be the primary source of the riparian deposits. From a 

Figure 4. 
The ratio of mean concentrations of individual element in suspended sediment collected from the Yangtze River 
(Source 2) and the Ruxi River (Source 3) to that of the topsoil above the riparian zone (Source 1).
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tributary channel dominate the sediments deposited in the riparian zone of the 
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tunities for sediment deposition.

In contrast, the proportion of the topsoil source contribution increased from 
15.8 to 30.3% with the increasing of elevation. The higher contribution of the 
topsoil source to the deposits in upper elevation levels (i.e., 155–165 and 165–175 m) 
could probably be attributed to the proximity of sources to the target sediment 
sampling sites. During the periods September–October and April–June, which rep-
resent the end and the beginning of the wet season in the study area, respectively, 
sediment originating from the upper lands above the riparian zone caused by water 
erosion will be preferentially stored in adjacent fields as a result of gentle slope gra-
dient. The relative contribution of this source type to the deposited sediment at the 
145–155 m elevation level is therefore much less than those for the upper portions of 
the riparian zone.

The relatively high sediment contribution from the Ruxi tributary to the 
145–155 m deposits might again be explained by the relatively longer submerging 
period, which last for nearly 9 months (Figure 2). Probably more importantly, the 
sediment mobilized from the upstream catchment and transferred to the Ruxi River 
during the wet periods September–October and April–June may be predominantly 
deposited within the 145–155 m level due to the impoundment of the reservoir.

4.2 Environmental implications for sediment source contribution

The information on the relative contribution of potential sediment sources can 
also be used to evaluate the relative importance of the contributions of sediment-
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Figure 3. 
The median relative contribution of each source type to the deposited sediment collected from the riparian zone 
with different elevation levels.
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topsoils (Source 1) during the whole sampling period. The presented results show 
that for all the nutrients (TN, TOC, TP) and some heavy metals (e.g., Mn, Zn, Pb, 
Cd), the average element concentrations in the suspended fluvial sediments were 
significantly higher than that one of the local soils. Combining this information 
with the relative contribution of the suspended fluvial sediments to the riparian 
deposits, it can be inferred that the sediment-associated nutrients and contami-
nants transported from both the Yangtze mainstream and the Ruxi tributary 
represent dominant sources of the contaminants deposited within the riparian 
zone. Recent studies have documented elevated levels of nutrients [23] and heavy 
metals [23–25] in the riparian zone of the Three Gorges Reservoir. In this context, 
the accumulated deposition and storage of fine-grained sediment and associated 
nutrients and contaminants within the riparian zone of the reservoir may exert 
negative environmental impacts on aquatic ecosystems and the agricultural use of 
riparian lands. Moreover, the nutrients and contaminants that stored within the 
riparian zones may have great potential to be reintroduced into the river system by 
future bank erosion and/or release to the water column accompanying the annually 
cyclic soaking.

5. Conclusions

The regular closure in dry season and the water drainage in rainy season of the 
Three Gorges Dam on the Yangtze River have resulted in significant sedimentation 
and enrichment of sediment-associated nutrients and contaminants in the reservoir 
riparian zone. Against this background, the fingerprinting approach was applied to 
assess the sources of sediment that deposited within the riparian zone of a tributary 
after the impoundment of the reservoir. Despite significant contrast of sediment 
contribution from individual sources that was documented for different elevation 
levels of the riparian zone, the sediments suspended from the Yangtze mainstream 
was demonstrated to be the primary source of the riparian deposits. From a 
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The ratio of mean concentrations of individual element in suspended sediment collected from the Yangtze River 
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contamination perspective, however, the sediment input from the upstream tribu-
tary also represents an important source of pollution to the riparian environment.

Although it should be recognized that the result reported is limited in temporal 
and spatial scopes in that only one-year sampling campaign and one single catch-
ment was involved, the findings, combining with the information on previous stud-
ies, emphasize the need to take targeted sediment and contaminant management 
strategies to control the potential environmental problems in the reservoir riparian 
zones. Further attempts were required to explore the use of sediment fingerprinting 
approach to assess the sources of sediment-associated nutrients and contaminants 
in this area.
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Chapter 5

A Long-Term Prediction of Beach
Changes around River Delta using
Contour-Line-Change Model
Takaaki Uda, Shiho Miyahara,Toshiro San-nami
and Masumi Serizawa

Abstract

The long-term beach changes along the Kaike coast (Japan) have been
investigated. Being a major source of sand to this coast, the Hino River has supplied
a large amount of sand during the extensive mining of iron sand in the past,
resulting in the shoreline advance. However, the stoppage of the sand mining has
caused a marked decrease in the sand supply, resulting in a rapid shoreline recession
around the river delta. The beach changes triggered by these human activities
have been investigated using an old geographical map and aerial photographs taken
between 1947 and 2005. Then, the beach changes have been reproduced using the
contour-line-change model considering the change in grain size of the beach sedi-
ments. Bathymetric data have been analyzed in order to evaluate the longshore sand
transport and the fluvial sand supply from the Hino River. The measured and
predicted three-dimensional beach changes were in good agreement and the effec-
tiveness of the contour-line-change model for predicting long-term beach changes
was confirmed by this case history.

Keywords: beach changes, contour-line-change model, river delta, longshore
sand transport, Kaike coast

1. Introduction

The Yumigahama Peninsula located in the western part of Tottori Prefecture,
Japan, has developed as a tombolo owing to the wave-sheltering effect of the
Shimane Peninsula with a rich sand supply from the Hino River. The 18-km-long
coastline between the Yodoe fishing port and Sakai Port located at both the ends of
the peninsula is called the Kaike coast (Figure 1). In the Hino River basin, a large-
scale mining of iron sand had been carried out in the nineteenth and early twentieth
centuries. A huge amount of sand was abandoned in the river basin and such a
sand was transported toward the coast through the Hino River. With the cessation
of the iron sand mining, however, the sand discharge from the Hino River markedly
decreased, causing a strong erosion around the river mouth. The erosion on the
Kaike coast was severe from the early 1930s to immediately after World War II. At
first, groins were constructed as a measure against erosion, and the construction of
detached breakwaters began in 1971. Behind 12 detached breakwaters constructed
by 1982, cuspate forelands were well developed [1–3]. Although these detached
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The long-term beach changes along the Kaike coast (Japan) have been
investigated. Being a major source of sand to this coast, the Hino River has supplied
a large amount of sand during the extensive mining of iron sand in the past,
resulting in the shoreline advance. However, the stoppage of the sand mining has
caused a marked decrease in the sand supply, resulting in a rapid shoreline recession
around the river delta. The beach changes triggered by these human activities
have been investigated using an old geographical map and aerial photographs taken
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1. Introduction

The Yumigahama Peninsula located in the western part of Tottori Prefecture,
Japan, has developed as a tombolo owing to the wave-sheltering effect of the
Shimane Peninsula with a rich sand supply from the Hino River. The 18-km-long
coastline between the Yodoe fishing port and Sakai Port located at both the ends of
the peninsula is called the Kaike coast (Figure 1). In the Hino River basin, a large-
scale mining of iron sand had been carried out in the nineteenth and early twentieth
centuries. A huge amount of sand was abandoned in the river basin and such a
sand was transported toward the coast through the Hino River. With the cessation
of the iron sand mining, however, the sand discharge from the Hino River markedly
decreased, causing a strong erosion around the river mouth. The erosion on the
Kaike coast was severe from the early 1930s to immediately after World War II. At
first, groins were constructed as a measure against erosion, and the construction of
detached breakwaters began in 1971. Behind 12 detached breakwaters constructed
by 1982, cuspate forelands were well developed [1–3]. Although these detached
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breakwaters and cuspate forelands have been stably maintained, fine-grained sand
was locally deposited, natural sandy beaches rapidly disappeared, and the coastline
was covered by artificial structures in the entire Yumigahama Peninsula [4].

In predicting the beach changes triggered by the imbalance in longshore sand
transport on a coast such as the Kaike coast, a long-term prediction in an extensive
area is required [5]. In such a case, the time scale changes from years to decades and
the calculation domain reaches even up to 10–100 km. The N-line model can be
applicable to the prediction of such beach changes [6–12]. We have developed the
contour-line-change model considering the changes in grain size of the seabed
materials as a type of N-line model to predict long-term beach changes including
the prediction of changes in grain size [13, 14]. The model has applied to the long-
term prediction of beach changes around a river mouth delta and those along an
arc-shaped shoreline in previous papers.

Uda et al. [15] have first shown a predictive model of the three-dimensional
development and deformation of a river mouth delta. This model enabled the
prediction of not only the shoreline change but also the three-dimensional, long-
term topographic changes around a river mouth, and offshore sand transport can be
taken into account when the sea bottom slope exceeds a critical value given by the
angle of repose of sand. Furuike et al. [16] have applied the model to the Enshu-
nada coast. The shoreline changes between the Magome river mouth and Imagire-
guchi jetty have been investigated where beach changes triggered by the decrease in
fluvial sand supply from the Tenryu River occur. It was observed that the shoreline
retreated downcoast of the Magome river mouth, and the shoreline advanced in
parallel further downcoast, while maintaining the curvature in the shoreline con-
figuration. Miyahara et al. [17, 18] have investigated the long-term evolution of the
Tenryu River delta associated with sand bypassing at several dams. When the
sediment yield from the river was artificially increased, the supplied sediment was
mainly deposited around the river mouth, but it took a longer time for a sandy
beach far from the river mouth to recover. Given the annual discharge of sediment
with three grain sizes, the recovery of the delta topography and the effect of
nourishment on the nearby coast have been predicted. San-nami et al. [19] have
analyzed the beach changes of Kujukuri Beach with a 60 km length located in Boso
Peninsula. On south Kujukuri Beach, severe beach erosion has occurred since the

Figure 1.
Location of Yumigahama Peninsula in Tottori Prefecture, Japan.
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1970s, and the erosion area has been expanding. The exhaustion of sand supply by
northward longshore sand transport from the sea cliffs, formation of a wave-shelter
zone at Katakai fishing port breakwater, and ground subsidence caused by the
pumping-up of underground water were the major causes of the shoreline reces-
sion. The arc-shaped shoreline of Kujukuri Beach was reproduced given these con-
ditions. Furthermore, San-nami et al. [20] have investigated the long-term
topographic changes since 1968 along the entire Shizuoka and Shimizu coasts
including a 17 km stretch extending between the Abe River and the Mihono-
matsubara sand spit. The beach erosion of these coasts was triggered by the decrease
in sediment supply from the Abe River due to excessive riverbed mining until 1967.
After 1982/1983, the natural sand supply from the river increased and accretion
occurred on these coasts. Measured topographic changes were reproduced using the
model. Not only the movement of the sand body but also the shoreline and bathy-
metric changes were numerically reproduced.

Upon these previous studies, the long-term topographic changes of the Kaike
coast in a 70-year period have been analyzed in this study, including the period
when extensive mining of iron sand has been carried out. Then, given these condi-
tions, the process of the reduction in the size of the Hino River delta over 70 years
was reproduced using the contour-line-change model considering the change in
grain size of the seabed material, and the applicability of the model was validated.

2. Long-term shoreline changes along Yumigahama Peninsula and
longshore sand transport

2.1 Shoreline changes

The shoreline configurations in the Yumigahama Peninsula were determined
from an old geographical map produced in 1899 and the aerial photographs taken in
1947, 1967, and 1973. The shoreline changes in 74 years were investigated between
1899, when rich sediment was supplied from the Hino River during the period of
iron sand mining, and 1973, when the construction of detached breakwaters began.
In the analysis of the shoreline changes, the correction owing to the changes in tide
level was made using the tide level when the aerial photograph was taken and the
mean foreshore slope of 1/15. The origin of the coordinate (x = 0 km) was set at
the left bank of the Hino River and the alongshore distance x was taken westward
along the coastline (Figure 1).

Figure 2 shows the shoreline changes between 1899 and 1947. The shoreline
markedly retreated in an area between x = 1 and �x = 2 km around the Hino River
mouth with the decline of mining of iron sand, and the shoreline receded by a
maximum of 250 m at the river mouth. On the other hand, in the areas westwards
and eastwards of x = 3 km, the shoreline advanced of 100 m in parallel at a rate of
2 m/year, except that in the vicinity of Yodoe fishing port. Similarly, Figure 3 shows
the shoreline changes with reference to shoreline in 1947 until 1967 and 1973, after
that two detached breakwaters were constructed. Since a seawall and groins have
been constructed in an area between x = 0 and x = 1.5 km westwards of the Hino
River until 1967, the shoreline recession was prevented. However, excluding this
area, the shoreline retreated westwards of the protected area. The eroded sand was
transported westwards of x = 5 km, resulting in the shoreline advance. Until 1973,
the area where the shoreline markedly receded expanded westwards, and the area
where the shoreline advanced until 1967 was eroded. Here, the shoreline advance at
two locations near x = 1 km was due to the formation of cuspate forelands behind
the detached breakwaters constructed by 1973.
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1970s, and the erosion area has been expanding. The exhaustion of sand supply by
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zone at Katakai fishing port breakwater, and ground subsidence caused by the
pumping-up of underground water were the major causes of the shoreline reces-
sion. The arc-shaped shoreline of Kujukuri Beach was reproduced given these con-
ditions. Furthermore, San-nami et al. [20] have investigated the long-term
topographic changes since 1968 along the entire Shizuoka and Shimizu coasts
including a 17 km stretch extending between the Abe River and the Mihono-
matsubara sand spit. The beach erosion of these coasts was triggered by the decrease
in sediment supply from the Abe River due to excessive riverbed mining until 1967.
After 1982/1983, the natural sand supply from the river increased and accretion
occurred on these coasts. Measured topographic changes were reproduced using the
model. Not only the movement of the sand body but also the shoreline and bathy-
metric changes were numerically reproduced.

Upon these previous studies, the long-term topographic changes of the Kaike
coast in a 70-year period have been analyzed in this study, including the period
when extensive mining of iron sand has been carried out. Then, given these condi-
tions, the process of the reduction in the size of the Hino River delta over 70 years
was reproduced using the contour-line-change model considering the change in
grain size of the seabed material, and the applicability of the model was validated.

2. Long-term shoreline changes along Yumigahama Peninsula and
longshore sand transport

2.1 Shoreline changes

The shoreline configurations in the Yumigahama Peninsula were determined
from an old geographical map produced in 1899 and the aerial photographs taken in
1947, 1967, and 1973. The shoreline changes in 74 years were investigated between
1899, when rich sediment was supplied from the Hino River during the period of
iron sand mining, and 1973, when the construction of detached breakwaters began.
In the analysis of the shoreline changes, the correction owing to the changes in tide
level was made using the tide level when the aerial photograph was taken and the
mean foreshore slope of 1/15. The origin of the coordinate (x = 0 km) was set at
the left bank of the Hino River and the alongshore distance x was taken westward
along the coastline (Figure 1).

Figure 2 shows the shoreline changes between 1899 and 1947. The shoreline
markedly retreated in an area between x = 1 and �x = 2 km around the Hino River
mouth with the decline of mining of iron sand, and the shoreline receded by a
maximum of 250 m at the river mouth. On the other hand, in the areas westwards
and eastwards of x = 3 km, the shoreline advanced of 100 m in parallel at a rate of
2 m/year, except that in the vicinity of Yodoe fishing port. Similarly, Figure 3 shows
the shoreline changes with reference to shoreline in 1947 until 1967 and 1973, after
that two detached breakwaters were constructed. Since a seawall and groins have
been constructed in an area between x = 0 and x = 1.5 km westwards of the Hino
River until 1967, the shoreline recession was prevented. However, excluding this
area, the shoreline retreated westwards of the protected area. The eroded sand was
transported westwards of x = 5 km, resulting in the shoreline advance. Until 1973,
the area where the shoreline markedly receded expanded westwards, and the area
where the shoreline advanced until 1967 was eroded. Here, the shoreline advance at
two locations near x = 1 km was due to the formation of cuspate forelands behind
the detached breakwaters constructed by 1973.
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2.2 Analysis of bathymetric survey data

Using the bathymetric survey data (200 m intervals), the bathymetry in
2000 and the bathymetric changes between 1980 and 2000 have been represented
(Figures 4 and 5). The eroded and accreted sand volumetric changes relative to
those occurring in 1980 are also shown together with the locations of the detached
breakwaters (DBs; Figure 5). The contours shallower than �8 m markedly pro-
truded near the river mouth delta, and the DBs were constructed immediately
westwards of this river delta. Twelve DBs were constructed from 1971 to 1982. With
the construction of DBs, sand was deposited behind these breakwaters, whereas
erosion occurred in the offshore zone between �4 and � 7 m, and down the coast of
the accretion area. These beach changes were considered to be due to the blocking
of westward alongshore sand transport by the DBs.

2.3 Longitudinal profiles and depth change in median diameter

In July 2002, the sampling of the seabed material was carried out in the depth
zone between +3 and � 12 m along transect x = 1.3 km at 1-m-depth intervals.
Figure 6 shows the longitudinal profile and depth distribution of median diameter
(d50) along this transect. Coarse sand of d50 ranging from 0.3 to 0.7 mm is deposited
on the foreshore, and d50 decreases with increasing depth, and well-sorted fine sand
with a grain size of 0.13 mm is deposited in the depth zone deeper than �8 m.
Corresponding to this grain size distribution, the seabed slope is as steep as 1/6 on
the foreshore, 1/30 between �2 and � 8 m, and a very gentle slope of 1/100 in the
depth zone deeper than �8 m. From these data, it is found that the depth of closure
(hc) is approximately 8 m on this coast, and the seabed near hc is covered by fine

Figure 2.
Shoreline changes in entire Yumigahama Peninsula (reference year: 1899).

Figure 3.
Shoreline changes until 1967 and 1973 in entire Yumigahama Peninsula (reference year: 1947).
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sand. The depth distribution of d50 can be separated into three subregions, as shown
in Figure 6, with longitudinal slopes of 1/6, 1/30, and 1/100, i.e., fluvial sediment
supplied from the Hino River is mainly distributed in the depth zone corresponding
to the grain size of the material, and coarser material is deposited near the shoreline,
and the component finer than the grain size of 0.13 mm is deposited in the zone
deeper than �8 m. In addition, fine sand of d50 = 0.3 mm is deposited in the
intermediate depth zone between �2 and � 8 m. Although westward longshore
sand transport prevails on the coast, sand is transported along the depth zones
separated in two layers associated with the grain size sorting (Figure 6). Thus, the
changes in contour lines in the depth zones I and II between z = +3 and � 2 m and
between z = �2 and � 8 m could be separately calculated, where the average grain
sizes are 0.5 and 0.3 mm, respectively.

Figure 7 shows the longshore distribution of changes in sand volume in the
depth zones I and II between 1980 and 2009. In the depth zone I, the sand volume
was almost constant east of x = 5 km except for the local deposition of sand behind

Figure 5.
Bathymetry in 2000 using expanded coordinates and bathymetric changes with reference to that in 1980.

Figure 4.
Bathymetry in 1980 using expanded coordinates.
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detached breakwaters constructed between x = 0 and 4 km, and the accreted sand
volume was 1.34 � 106 m3 in contrast to the eroded sand volume of 5.8 � 105 m3.
The sand volume in the depth zone II decreased between x = 2 and 9 km, whereas it
increased west of x = 9 km; the eroded volume was 2.01 � 106 m3 greater than the
accreted volume of 1.06 � 106 m3. However, the eroded and accreted sand volumes
in the entire depth zones I and II were 2.59 � 106 and 2.40 � 106 m3, respectively,
and the accreted volume accounts for 93% of the eroded volume.

2.4 Longshore sand transport

The west and east ends of the study area are the solid boundaries of the
reclaimed land and Yodoe fishing port; thus, the distribution of longshore sand
transport can be calculated by integrating the shoreline change from these bound-
aries to the Hino River mouth, and multiplying by the characteristic height of beach
changes, which is defined by the correlation coefficient between the change in the
cross-sectional area of the beach and the shoreline change, and then divided by the
elapsed time. Since the relationship of h = (1.0�1.3)hc holds between the character-
istic height of beach changes (h) and hc [4], and hc on this coast is approximately
equal to 8 m, h becomes 10 m.

Figure 7.
Longshore distribution of changes in sand volume in depth zones I and II between 1980 and 2009.

Figure 6.
Longitudinal profile along transect x = 1.3 km and depth distribution of d50 measured in July 2002.
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Figure 8 shows the distribution of longshore sand transport between 1899 and
1947, and between 1947 and 1967 with a positive sign for westward longshore sand
transport. Although westward and eastward longshore sand transports took place
on the west and east sides of the river mouth between 1899 and 1947, respectively,
the distribution of longshore sand transport changes linearly with the same slope
west of x = 3 km and east of x = �3 km, and they smoothly converge to the
distribution between 1947 and 1967 west of x = 7 km. Westward and eastward
longshore sand transports take maximum rates of 3.2 � 105 and 4.6 � 104 m3/year
at x = 1 and� 1.8 km, respectively. On both sides of these points, the longshore sand
transport is linearly distributed, so that it is found that the shoreline has advanced in
parallel over time except for the erosion area close to the river delta. The longshore
sand transport has a difference of 2.9 � 105 m3/year between both sides of the river
mouth, implying that the same amount of sand was supplied from the river during
the period. In contrast, longshore sand transport became westward in the entire
area between 1947 and 1967 after the fluvial sand supply was markedly reduced
owing to the stoppage of the mining of iron sand with a maximum rate of
2.3� 105 m3/year at x = 5 km. The location where the longshore sand transport takes
a peak value shifted westward compared with that between 1899 and 1967, imply-
ing that the erosion area expanded westward. Furthermore, since longshore sand
transport on the west and east sides of the river mouth become 1.5 � 105 and
9.0 � 104 m3/year, respectively, sediment inflow from the river results in
6.0 � 104 m3/year. In addition, in Figure 8, the longshore sand transport linearly
increased from the west end to a location of x = 7 km in both periods between 1899
and 1947 and between 1947 and 1967, and the effect of the decrease in the longshore
sand transport did not reach far from the river mouth, resulting in the parallel
advance of the shoreline. Therefore, when this straight line is extrapolated toward
the river mouth, a straight line indicated by “before erosion” in Figure 8 is obtained,
and the longshore sand transport at the river mouth became 3.6� 105 m3/year, which
is assumed to be the westward longshore sand transport before the initiation of
erosion.

In the area east of the river mouth, eastward longshore sand transport could
have prevailed with the development of the river delta, and the longshore sand
transport is assumed to have a linear distribution with the same longshore inclina-
tion as that west of the river mouth to satisfy the conditions that the shoreline
around the river mouth is continuous and the river delta parallelly advanced in the
offshore direction. By extrapolating a straight line with the same inclination as that
west of the river mouth from Yodoe fishing port, we obtained a longshore sand
transport of 1.1 � 105 m3/year on the east side of the river mouth. Finally, the entire
sediment supply from the river in the period when iron sand was mined is assumed

Figure 8.
Distribution of longshore sand transport between 1899 and 1947 and between 1947 and 1967.
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to be 4.7 � 105 m3/year as the sum of longshore sand transport on both sides of the
river mouth. In addition, since the longshore inclination of longshore sand transport
in Figure 8 gives 21 m3/m/year as the rate of sand accretion, the rate of the advance
of the river delta becomes 2.1 m/year, when dividing this rate by the characteristic
height of beach changes of h = 10 m.

Similarly, the distribution of longshore sand transport after 1980 was evaluated
by integrating the topographic changes between 1980 and 2009 in the east from the
west end, and dividing by the elapsed time. Figure 9 shows the results. The
longshore sand transport took a maximum of 1.0 � 105 m3/year at x = 7.5 km in
1990 with a secondary peak at x = 0 km. After 2000, it has decreased in the eastern
part, and it took a maximum of 6.5 � 104 m3/year in 2009.

3. Change in apex angle of Hino River delta and predominant wave
direction

Figure 10 shows the geographical map in 1899 and aerial photograph in 1947.
The apex angle of the river delta (angle AOB) in 1899 was 170°. Assuming that the
wave crest line of the predominant wave incident to the river delta is given by a
straight line of A0OB0 in Figure 10(a), the breaker angles between the shoreline on
both sides of the river delta and the wave crest line are given by AOA0 and BOB0.
These breaker angles can be evaluated as follows. First, the sum of these breaker
angles becomes 10° by subtracting the apex angle of the river delta of 170° from
180°. In the distribution of the longshore sand transport shown in Figure 8, the
longshore sand transport on the west and east sides of the Hino River mouth are
3.6 � 105 and 1.1 � 105 m3/year, respectively, resulting in the ratio of longshore
sand transport on both sides of 3:1, because the longshore sand transport is propor-
tional to the breaker angle. Taking these conditions into account, the breaker angles
on the left and right banks of the river mouth decrease to 7.5° and 2.5°, respectively,
when separating 10° by the ratio of 3:1. Finally, the predominant wave direction
normal to A0B0 is assumed to be N13°E.

In 1947, the shoreline of the river delta receded because of the decrease in sand
supply from the river, as shown in Figure 10(b), and the apex angle increased to up
to 175°, and the breaker angles on the left and right banks of the river became 5° and
0°, respectively, taking the predominant wave direction of N13°E calculated as

Figure 9.
Distribution of longshore sand transport calculated from beach changes between 1980 and 2009.
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mentioned above. The decrease in the breaker angle west of the river mouth corre-
sponds to the decrease in the westward longshore sand transport.

4. Contour-line-change model considering change in grain size

A numerical model described in [13, 14] was used. Let the x- and z-axes be the
longshore distance and seabed elevation relative to the still water level, respectively,
and Y (x, z, t) is the offshore distance to a specific contour line to be solved. To
consider the sorting of sand of different grain sizes by cross-shore sand transport,
the depth distribution of cross-shore sand transport considering the grain size effect
in mixing was considered. The sorting of grain size populations was modeled by
introducing the equilibrium slope angle βc

(k), which corresponds to each grain size
population k. In this case, a grain size population was assumed to have a single
equilibrium beach slope with a characteristic grain size d(k). By assuming that the
mobility of sand of each grain size population by cross-shore movement is the same
as that of longshore sand transport, the coefficient of the sediment transport rate
according to the grain size d(k), which was given in [21, 22], was introduced.
Furthermore, assuming that the ratio of the exposed area of each grain size popula-
tion to the entire sea bottom area is equal to the content of each size population in
the exchange layer μ kð Þ k ¼ 1; 2;⋯;Nð Þ, the cross-shore sand transport of each grain
size population qz

(k) is derived.
Cross-shore sand transport:

q kð Þ
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Figure 10.
Change in apex angle of Hino River delta and predominant wave direction. (a) 1899. (b) 1947.

71

A Long-Term Prediction of Beach Changes around River Delta using Contour-Line-Change Model
DOI: http://dx.doi.org/10.5772/intechopen.85207



to be 4.7 � 105 m3/year as the sum of longshore sand transport on both sides of the
river mouth. In addition, since the longshore inclination of longshore sand transport
in Figure 8 gives 21 m3/m/year as the rate of sand accretion, the rate of the advance
of the river delta becomes 2.1 m/year, when dividing this rate by the characteristic
height of beach changes of h = 10 m.

Similarly, the distribution of longshore sand transport after 1980 was evaluated
by integrating the topographic changes between 1980 and 2009 in the east from the
west end, and dividing by the elapsed time. Figure 9 shows the results. The
longshore sand transport took a maximum of 1.0 � 105 m3/year at x = 7.5 km in
1990 with a secondary peak at x = 0 km. After 2000, it has decreased in the eastern
part, and it took a maximum of 6.5 � 104 m3/year in 2009.

3. Change in apex angle of Hino River delta and predominant wave
direction

Figure 10 shows the geographical map in 1899 and aerial photograph in 1947.
The apex angle of the river delta (angle AOB) in 1899 was 170°. Assuming that the
wave crest line of the predominant wave incident to the river delta is given by a
straight line of A0OB0 in Figure 10(a), the breaker angles between the shoreline on
both sides of the river delta and the wave crest line are given by AOA0 and BOB0.
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mentioned above. The decrease in the breaker angle west of the river mouth corre-
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cot β ¼ �∂Y=∂z (3)

εx zð Þ ¼
2=h3c
� �

hc=2� zð Þ zþ hcð Þ2, � hc ≤ z≤ hR

0, z≤� hc, z≥ hR

(
(4)

Here, q kð Þ
z k ¼ 1; 2;⋯;Nð Þ is the cross-shore sand transport per unit length in the

longshore direction for each grain size population, μ(k) is the content of each grain
size population (k) in the exchange layer of sand, (ECg)b is the wave energy flux at
the breaking point, K1

(k) is the coefficient of longshore sand transport, εz(z) is
assumed to be equivalent to the depth distribution of the longshore sand transport
εx(z) given by Uda and Kawano [23], and d(k) is a typical grain size of the grain
size population. A is a coefficient that depends on the physical conditions of the
beach. d(k) in Eq. (2) has a unit of mm. γ is the ratio of the coefficient of cross-shore
sand transport to that of longshore sand transport (γ = Kz

(k)/K1
(k)) and expresses the

mobility of cross-shore sand transport relative to that of longshore sand transport,
αb is the angle between the wave crest line at the breaking point and each contour
line, and β is the beach slope angle at each contour line. β is the average beach
slope angle between the berm height hR and the depth of closure hc, and βc

(k) is the
equilibrium beach slope angle. When the beach slope becomes steeper than the
angle of repose of sand, sand is transported offshore by gravity. By this procedure,
we can calculate the formation of a scarp in a zone larger than hR and the sinking of
sand in a zone larger than hc.

Longshore sand transport:

qx
kð Þ ¼ μ kð Þ � εx zð Þ � K kð Þ

1 � ECg
� �

b � cos αb sin αb � ξ
1

tan βb
� cos αb � ∂Hb

∂x

� �
;

k ¼ 1, 2,⋯, N

(5)

Here, q kð Þ
x k ¼ 1; 2;⋯;Nð Þ is the longshore sand transport per unit depth for each

grain size population, □εx(z) is the depth distribution of longshore sand transport,
and ξ is the constant given by K2

(k)/K1
(k), which depends on the physical conditions

of the beach, where K2
(k) is a function of K1

(k) and is equivalent to the coefficient of
Ozasa and Brampton [24]. tanβb is the beach slope in the surf zone and Hb is the
breaker height.

Mass conservation for each grain size:

∂y kð Þ

∂t
¼ � ∂q kð Þ

x

∂x
� ∂q kð Þ

z

∂z
þ S kð Þ;

k ¼ 1, 2,⋯, N

(6)

Here, S kð Þ k ¼ 1; 2;⋯;Nð Þ is the additional term for calculating the sand source
for each grain size population, by which sediment supply from a river or the sand
supply by beach nourishment is given. The total contour-line change at a certain
position is determined by the summation of the contour-line changes of all grain
size populations at that position.

∂Y
∂t

¼ ∑
N

k¼1

∂y kð Þ

∂t
(7)
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Change in content of each grain size population:

∂μ kð Þ

∂t
¼ 1

B
∂y kð Þ

∂t
� ∂Y

∂t
� μ kð Þ

� �
,
∂Y
∂t

≥0;

k ¼ 1, 2,⋯, N

(8)

The content of each grain size population in the new exchange layer formed
during erosion is expressed as:

∂μ kð Þ

∂t
¼ 1

B
∂y kð Þ

∂t
� ∂Y

∂t
� μ kð Þ

B

� �
,
∂Y
∂t

≤0;

k ¼ 1, 2,⋯, N

(9)

where μ kð Þ
B is the content of each grain size population on the sandy beach

landward of the initial exchange layer. The width B of the exchange layer is
determined with reference to the mixing depth reported by Kraus [25]. The
abovementioned equations were solved simultaneously. In the numerical simula-
tion, the calculation points of the contour-line position and sand transport rate are
set in staggered meshes with a difference of 1/2 mesh; the cross-shore and longshore
sand transport are calculated using Eqs. (1) and (5), respectively. In this case, the
upcoast value depending on the direction of sand transport is employed as μ(k) in
Eqs. (1) and (5). The bathymetric changes can be calculated using Eqs. (6) and (7).
μ(k) is calculated using Eqs. (8) and (9), and the calculation point of μ(k) is set at the
same point for calculating the contour-line position.

5. Reproduction of reduction in size of Hino River delta

5.1 Calculation conditions

The numerical simulation of topographic changes relative to the initial topogra-
phy in 1899 was carried out until 1967, when a large amount of sand was supplied
from the river as a result of the extensive mining of iron sand, and then sand supply
(Qin) markedly decreased after the stoppage of the mining. The calculation period
was separated into four periods corresponding to the sand discharge and the struc-
tural conditions of the coast. In the first period between 1899 and 1920, Qin of
4.7 � 105 m3/year was supplied from the river, resulting in the development of the
river delta. In this period, the shoreline in the entire area advanced at a rate of
2 m/year, and the entire shoreline advance reached 42 m by 1920.

In the second period between 1920 and 1947, Qin began to decrease from
4.7� 105 m3/year before 1920 to 1.5� 105 m3/year after 1920.Qin of 1.5� 105 m3/year
was calculated by subtracting the sand volume in the first period (4.7 � 105 m3/
year � 21 year) from that between 1899 and 1947 (2.9 � 105 m3/year � 48 year),
which was determined from the shoreline changes between 1899 and 1947, and
divided by the elapsed time of 27 years. In the third period between 1947 and 1962,
Qin decreased until 6 � 104 m3/year owing to the stoppage of mining of iron sand,
which was calculated from the measured shoreline changes between 1947 and 1967.
In the fourth period between 1962 and 1967, the seawall and groins were constructed
west of the Hino River mouth, although Qin remained constant at 6 � 104 m3/year.

By setting the coastline lengths in the areas west and east of the river mouth to
be L1 and L2, we found that the wave directions �θ1 and θ2 immediately west and
east of the river mouth, respectively, satisfy a relationship of �θ1/θ2 = L1/L2 = 3. In
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assumed to be equivalent to the depth distribution of the longshore sand transport
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beach. d(k) in Eq. (2) has a unit of mm. γ is the ratio of the coefficient of cross-shore
sand transport to that of longshore sand transport (γ = Kz
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mobility of cross-shore sand transport relative to that of longshore sand transport,
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we can calculate the formation of a scarp in a zone larger than hR and the sinking of
sand in a zone larger than hc.

Longshore sand transport:

qx
kð Þ ¼ μ kð Þ � εx zð Þ � K kð Þ

1 � ECg
� �

b � cos αb sin αb � ξ
1

tan βb
� cos αb � ∂Hb

∂x

� �
;

k ¼ 1, 2,⋯, N

(5)

Here, q kð Þ
x k ¼ 1; 2;⋯;Nð Þ is the longshore sand transport per unit depth for each

grain size population, □εx(z) is the depth distribution of longshore sand transport,
and ξ is the constant given by K2

(k)/K1
(k), which depends on the physical conditions

of the beach, where K2
(k) is a function of K1

(k) and is equivalent to the coefficient of
Ozasa and Brampton [24]. tanβb is the beach slope in the surf zone and Hb is the
breaker height.

Mass conservation for each grain size:

∂y kð Þ

∂t
¼ � ∂q kð Þ

x

∂x
� ∂q kð Þ

z

∂z
þ S kð Þ;

k ¼ 1, 2,⋯, N

(6)

Here, S kð Þ k ¼ 1; 2;⋯;Nð Þ is the additional term for calculating the sand source
for each grain size population, by which sediment supply from a river or the sand
supply by beach nourishment is given. The total contour-line change at a certain
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Change in content of each grain size population:
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The content of each grain size population in the new exchange layer formed
during erosion is expressed as:
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where μ kð Þ
B is the content of each grain size population on the sandy beach

landward of the initial exchange layer. The width B of the exchange layer is
determined with reference to the mixing depth reported by Kraus [25]. The
abovementioned equations were solved simultaneously. In the numerical simula-
tion, the calculation points of the contour-line position and sand transport rate are
set in staggered meshes with a difference of 1/2 mesh; the cross-shore and longshore
sand transport are calculated using Eqs. (1) and (5), respectively. In this case, the
upcoast value depending on the direction of sand transport is employed as μ(k) in
Eqs. (1) and (5). The bathymetric changes can be calculated using Eqs. (6) and (7).
μ(k) is calculated using Eqs. (8) and (9), and the calculation point of μ(k) is set at the
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5.1 Calculation conditions

The numerical simulation of topographic changes relative to the initial topogra-
phy in 1899 was carried out until 1967, when a large amount of sand was supplied
from the river as a result of the extensive mining of iron sand, and then sand supply
(Qin) markedly decreased after the stoppage of the mining. The calculation period
was separated into four periods corresponding to the sand discharge and the struc-
tural conditions of the coast. In the first period between 1899 and 1920, Qin of
4.7 � 105 m3/year was supplied from the river, resulting in the development of the
river delta. In this period, the shoreline in the entire area advanced at a rate of
2 m/year, and the entire shoreline advance reached 42 m by 1920.
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which was calculated from the measured shoreline changes between 1947 and 1967.
In the fourth period between 1962 and 1967, the seawall and groins were constructed
west of the Hino River mouth, although Qin remained constant at 6 � 104 m3/year.

By setting the coastline lengths in the areas west and east of the river mouth to
be L1 and L2, we found that the wave directions �θ1 and θ2 immediately west and
east of the river mouth, respectively, satisfy a relationship of �θ1/θ2 = L1/L2 = 3. In
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addition, �θ1 and θ2 are approximately given by 7.5° and 2.5°, respectively, from the
geographical map in 1899, as shown in Figure 10. Thus, after the trial-and-error
calculation of the shoreline changes, while satisfying the relation of θ1/θ2 = 3, we
obtained �θ1 = 12° and θ2 = 4° for the best fit results. Finally, a linear distribution
shown in Figure 11(a) was assumed with angles of �12° and 4° immediately west
and east of the Hino River mouth, respectively. Figure 11(b) shows the distribution
of longshore sand transport at the initial stage. For the wave condition, the breaker
height was determined as Hb = 1.1 m on the basis of the energy mean significant
wave height measured between 1995 and 2008 at Hiezu wave observatory.

The initial seabed slope was assumed to be 1/6 between z = +3 and� 2 m, and 1/30
between z = �2 and � 8 m. The number of grain sizes (N) was set to 2 with
characteristic grain sizes of d(1) = 0.3 mm for fine sand and d(2) = 0.5 mm for coarse
sand. The initial contents μ1 and μ2 for fine and coarse sand were, respectively,
assumed to be 0.0 and 1.0 in the cell between z = +3 and� 1 m, 0.5 and 0.5 in the cell
at z = �2 m, and 1.0 and 0.0 in the cell between z = �3 and � 8 m. The equilibrium
slopes tanβc

(1) and tanβc
(2) of fine and coarse sand were, respectively, assumed to be

1/30 and 1/6, on the basis of the measured longitudinal profile. As for the sand back
pass on the coast, sand was extracted from the foreshore with an elevation between 0
and + 3 m at x = 13 km, and the same amount of sand was supplied from the foreshore
at x = 8 km. Table 1 summarizes the other calculation conditions.

5.2 Results of numerical simulation

Figure 12 shows the bathymetric changes from the first to the fourth periods
together with an additional expression of bathymetric changes relative to the

Figure 11.
Wave direction and distribution of longshore sand transport used for calculation. (a) Wave direction.
(b) Longshore sand transport.
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bathymetry in 1920 (Figure A1). During the first period, the parallel contours in 1899
simply advanced by 42 m until 1920, so that a new coordinate was taken for the
shoreline to be shifted by 42 m seaward. During the second period, a V-shape
shoreline recession began around the river mouth because of the decrease in Qin from
4.7 � 105 m3/year before 1920 to 1.5 � 105 m3/year. However, the contour lines far

Calculation method Contour-line-change model considering grain size changes

Calculation domain Sakai channel to Yodoe fishing port

Q in in each calculation period Reproduction calculation between 1899 and 1967
1 (1899–1920): 4.7 � 105 m3/year
2 (1920–1947): 1.5 � 105 m3/year
3 (1947–1962): 6 � 104 m3/year
4 (1962–1967): 6 � 104 m3/year + seawall

Initial bathymetry Straight parallel contours between z = +3 m and � 2 m with 1/6
slope, between z = �2 m and � 8 m, 1/30 slope

Grain size • N = 2
• For characteristic grain sizes,

fine sand of d(1) = 0.3 mm
coarse sand of d(2) = 0.5 mm

• Initial contents
z = 3 m to �1 m: μ1 = 0.0 (fine sand) and μ2 = 1.0 (coarse sand)
z = �2 m: μ1 = 0.5 (fine sand) and μ2 = 0.5 (coarse sand)
z = �3 m to �8 m: μ1 = 1.0 (fine sand) and μ2 = 0.0 (coarse sand)

Equilibrium slope tanβc
(1) = 1/30 and tanβc

(2) = 1/6

Width of exchange layer B = 6 m (thickness of exchange layer = 1 m)

Incident wave condition • Breaker height: Hb = 1.1 m,
energy-mean significant wave height measured between 1995
and 2008 at Hiezu observatory

• Initial breaker angle: linear distribution
between 0° (Sakai channel) and � 12° (Hino River mouth),
and between 4° (Hino River mouth) and 0° (Yodoe fishing port)

Tide condition MSL

Depth of closure and berm height Depth of closure hc = 8 m
Berm height hR = 3 m

Coefficient of sand transport Coefficient of longshore sand transport A = 0.12 for initial
longshore sand transport to be Q = 3.6 � 105 m3/year
Ratio of cross-shore and longshore sand transports γ = 0.1
Coefficient of Ozasa and Brampton’s [18] term ξ = 3.24

Depth distribution of longshore and
cross-shore sand transport

Uniform

Critical slope of falling sand On land: 1/2 and on seabed: 1/2

Calculation range of depth z = +3.5 to �8.5 m

Mesh sizes Δx = 100 m (longshore direction) and Δz = 1 m (vertical
direction)

Time intervals Δt = 1 h

Boundary conditions Left and right boundaries: qx = 0
Landward and offshore boundaries: qz = 0

Table 1.
Calculation conditions.
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addition, �θ1 and θ2 are approximately given by 7.5° and 2.5°, respectively, from the
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bathymetry in 1920 (Figure A1). During the first period, the parallel contours in 1899
simply advanced by 42 m until 1920, so that a new coordinate was taken for the
shoreline to be shifted by 42 m seaward. During the second period, a V-shape
shoreline recession began around the river mouth because of the decrease in Qin from
4.7 � 105 m3/year before 1920 to 1.5 � 105 m3/year. However, the contour lines far

Calculation method Contour-line-change model considering grain size changes

Calculation domain Sakai channel to Yodoe fishing port

Q in in each calculation period Reproduction calculation between 1899 and 1967
1 (1899–1920): 4.7 � 105 m3/year
2 (1920–1947): 1.5 � 105 m3/year
3 (1947–1962): 6 � 104 m3/year
4 (1962–1967): 6 � 104 m3/year + seawall

Initial bathymetry Straight parallel contours between z = +3 m and � 2 m with 1/6
slope, between z = �2 m and � 8 m, 1/30 slope

Grain size • N = 2
• For characteristic grain sizes,

fine sand of d(1) = 0.3 mm
coarse sand of d(2) = 0.5 mm

• Initial contents
z = 3 m to �1 m: μ1 = 0.0 (fine sand) and μ2 = 1.0 (coarse sand)
z = �2 m: μ1 = 0.5 (fine sand) and μ2 = 0.5 (coarse sand)
z = �3 m to �8 m: μ1 = 1.0 (fine sand) and μ2 = 0.0 (coarse sand)

Equilibrium slope tanβc
(1) = 1/30 and tanβc

(2) = 1/6

Width of exchange layer B = 6 m (thickness of exchange layer = 1 m)

Incident wave condition • Breaker height: Hb = 1.1 m,
energy-mean significant wave height measured between 1995
and 2008 at Hiezu observatory

• Initial breaker angle: linear distribution
between 0° (Sakai channel) and � 12° (Hino River mouth),
and between 4° (Hino River mouth) and 0° (Yodoe fishing port)

Tide condition MSL

Depth of closure and berm height Depth of closure hc = 8 m
Berm height hR = 3 m

Coefficient of sand transport Coefficient of longshore sand transport A = 0.12 for initial
longshore sand transport to be Q = 3.6 � 105 m3/year
Ratio of cross-shore and longshore sand transports γ = 0.1
Coefficient of Ozasa and Brampton’s [18] term ξ = 3.24

Depth distribution of longshore and
cross-shore sand transport

Uniform

Critical slope of falling sand On land: 1/2 and on seabed: 1/2

Calculation range of depth z = +3.5 to �8.5 m

Mesh sizes Δx = 100 m (longshore direction) and Δz = 1 m (vertical
direction)

Time intervals Δt = 1 h

Boundary conditions Left and right boundaries: qx = 0
Landward and offshore boundaries: qz = 0

Table 1.
Calculation conditions.
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from the river mouth continued to advance because of the successive supply of sand
to both sides of the river mouth. During the third period, the shoreline markedly
receded around the river mouth because of the further decrease in Qin from 1.5 � 105

to 6 � 104 m3/year owing to the stoppage of mining of iron sand. Even during this

Figure 12.
Bathymetric changes from the first to fourth periods. (a) First period (1899–1920). (b) Second period
(1920–1947). (c) Third period (1947–1962). (d) Fourth period (1962–1967).
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period, however, the contour lines continued to advance far from the river mouth.
During the fourth period, a seawall was constructed west of the river mouth
blocking westward longshore sand transport partially, so that the contour lines
receded west of the seawall, even if Qin was maintained at 6 � 104 m3/year.

The shoreline changes in the entire period relative to that in 1920 can be drawn,
as shown in Figure 13. The shoreline advanced by 42 m between 1899 and 1920
because of the accretion of the entire river delta. After 1920, however, the shoreline
receded around the river delta owing to the decrease in sand supply, whereas the
shoreline continued to advance far from the river mouth.

Figure 14 shows the measured and predicted shoreline changes with reference
to the shoreline in 1899 and 1947. Regarding the shoreline changes until 1947, the

Figure 13.
Shoreline changes with reference to that in 1920.

Figure 14.
Measured and predicted shoreline changes between 1899 and 1947 and between 1947 and 1967.
(a) 1899–1947. (b) 1947–1967.
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overall shoreline changes were reproduced well, except for the river mouth area
where the shoreline change was underestimated. Regarding the shoreline changes
until 1967, the shoreline changes in the overall area including the shoreline recession
west of the seawall constructed immediately west of the river mouth were well
reproduced. The predicted and measured shoreline changes are in good agreement.

6. Reproduction of topographic changes relative to topography in 1947

6.1 Calculation conditions

The calculation domain is the same as that in the previous section. In the calcu-
lation, the entire period between 1947 and 2010 was separated into five periods, and
Qin in each period was calculated from the volumetric change transformed from the
shoreline changes measured during the period by multiplying the characteristic
height of beach changes. In the first and second periods until 1962 and 1967,
respectively, Qin was given as 6 � 104, and 4.7 � 104 m3/year in the third, fourth,
and fifth periods between 1967 and 2010 with a decrease in Qin by 20% after 1967.

For the initial topography, the results of the reproduction calculation until 1947
were employed, assuming parallel contour lines on the expanded coordinates. In the

Qin 1 (1947–1962): 6 � 104 m3/year
2 (1962–1967): 6 � 104 m3/year,
seawall between x = 0 and 1.5 km
3 (1967–1980): 4.7 � 104 m3/year,
detached breakwater
Kaike fishing port,
and seawall between x = 0 and � 3.5 km
4 (1980–1995): 4.7 � 104 m3/year,
detached breakwater between x = �3.5 and � 2.5 km,
and between 3.5 and � 7 km,
seawall between x = �5 and 0 km,
and between x = 3.5 and 13 km
5 (1995–2010): 4.7 � 104 m3/year,
sand back pass of 3 � 104 m3/year,
in which sand is subtracted at x = 13 km and nourished at x = 8 km,
L-shape groin between x = 7 and � 8 km,
artificial reef and detached breakwater between x = �5 and 0 km

Incident wave angle Initial breaker angle in 1899 minus inclination angle of shoreline reproduced in
1947

Coefficient of sand
transport

Coefficient of Ozasa and Brampton’s [18] term ξ = 3.24

Remarks ▪ Fluvial sand supply from Hino River: sand source distributed in depth zone
between z = +3 and � 8 m
▪ Sand back pass by a rate of 3 � 104 m3/year was given by a sink and source of
sand between z = 0 and + 3 m
▪ Wave transmission coefficient Kt = 0.2 (detached breakwater) except Kt = 0.4
between x = �1.4 and � 0.5 km
▪ Artificial reef Kt = 0.8
▪ Port breakwaters at Yodoe and Kaike fishing ports and Sakaiminato Marina
Kt = 0.0
▪ Coefficient of Ozasa and Brampton’s [18] term ξ = 1.62: detached breakwaters
between x = �1.4 and � 0.5 km

Table 2.
Calculation conditions.
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calculation, the changes in contour lines between +3 and � 8 m were calculated,
assuming the same seabed slopes of 1/6 between z = +3 and � 2 m, and 1/30
between z = �2 and � 8 m. The number of grain sizes (N), the grain sizes of fine
and coarse sand, the initial contents of each grain size of μ1 and μ2, the equilibrium
slope corresponding to each grain size, and the wave conditions are the same as
those in the reproduction calculation. The longshore distribution of the initial
breaker angle was given by subtracting the inclination angle of the shoreline
reproduced in 1947 from the initial breaker angle in 1899. The change in wave
field by the construction of structures was calculated using the angular spreading
method for irregular waves. The wave transmission coefficient of detached break-
waters was set to Kt = 0.2 as shown in Table 2, except for the detached
breakwaters with Kt = 0.4 placed between x = �1.4 and � 0.5 km, and Kt = 0.8 for
artificial reefs.

6.2 Results of the reproduction calculations

6.2.1 Change in contour lines

Figure 15 shows the calculation results between the first and fifth periods
together with an additional expression of bathymetric changes relative to the
bathymetry in 1947 (Figure A2). In the first period (Figure 15(a)), erosion con-
centrated around the Hino River mouth with gradual accretion west of x = 4 km
because of the decreased Qin of 6 � 104 m3/year. Since the calculation was carried
out using the expanded coordinates set on the shoreline in 1947, the triangular
shoreline recession area shown in Figure 15(a) corresponds to the recession of the
protruded shoreline of a river delta. The shoreline receded around the river mouth,
whereas the contour lines advanced west of x = 5 km.

In the second period (Figure 15(b)), the seawall had been constructed between
x = 0 and 1.5 km, although Qin was the same (6 � 104 m3/year) as that in the first
period. Owing to the construction of the seawall, westward longshore sand trans-
port was partially blocked at the protruded seawall, resulting in erosion immedi-
ately west of the structure with the accretion upcoast. In the third period, Qin

decreased from 6 � 104 to 4.7 � 104 m3/year together with the construction of 12
DBs and Kaike fishing port breakwaters (Figure 15(c)). Soon after the construction
of DBs, cuspate forelands were formed behind the DBs. Simultaneously, severe
erosion occurred downcoast of Kaike fishing port located at x = 3 km because of the
decrease in the westward longshore sand transport.

In the fourth period, although Qin was the same (4.7 � 104 m3/year) as that in
the third period, new DBs were constructed between x = �3.5 and � 2.5 km, and
between 3.5 and 7 km, and further seawall was constructed between x = �5 and
0 km, and between x = 3.5 and 13 km, as shown in Figure 15(d). At this stage, land
reclamation was carried out at the west end at the shoreline, and the shoreline
length was decreased by 4 km, resulting in the advance of all the contour lines.
Although the shoreline east of the structures was stabilized by the construction of
many coastal structures, erosion is severe downcoast.

In the fifth period between 1995 and 2010 (Figure 15(e)), Qin was kept constant
at 4.7 � 104 m3/year, the same as that in the fourth period. For the sand back pass,
sand was excavated at a rate of 3 � 104 m3/year at x = 13 km, and the same
amount was supplied at x = 8 km. In addition to this, an L-shaped groin was
constructed at x = 7 km, and an artificial reef and DBs were constructed between
x = �5 and 0 km. The effect of blocking longshore sand transport by the land
reclamation reached upcoast, and the contour lines between x = 13 and 7 km
became straight.
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Coefficient of sand
transport
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Remarks ▪ Fluvial sand supply from Hino River: sand source distributed in depth zone
between z = +3 and � 8 m
▪ Sand back pass by a rate of 3 � 104 m3/year was given by a sink and source of
sand between z = 0 and + 3 m
▪ Wave transmission coefficient Kt = 0.2 (detached breakwater) except Kt = 0.4
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▪ Artificial reef Kt = 0.8
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Calculation conditions.
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calculation, the changes in contour lines between +3 and � 8 m were calculated,
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between z = �2 and � 8 m. The number of grain sizes (N), the grain sizes of fine
and coarse sand, the initial contents of each grain size of μ1 and μ2, the equilibrium
slope corresponding to each grain size, and the wave conditions are the same as
those in the reproduction calculation. The longshore distribution of the initial
breaker angle was given by subtracting the inclination angle of the shoreline
reproduced in 1947 from the initial breaker angle in 1899. The change in wave
field by the construction of structures was calculated using the angular spreading
method for irregular waves. The wave transmission coefficient of detached break-
waters was set to Kt = 0.2 as shown in Table 2, except for the detached
breakwaters with Kt = 0.4 placed between x = �1.4 and � 0.5 km, and Kt = 0.8 for
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centrated around the Hino River mouth with gradual accretion west of x = 4 km
because of the decreased Qin of 6 � 104 m3/year. Since the calculation was carried
out using the expanded coordinates set on the shoreline in 1947, the triangular
shoreline recession area shown in Figure 15(a) corresponds to the recession of the
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period. Owing to the construction of the seawall, westward longshore sand trans-
port was partially blocked at the protruded seawall, resulting in erosion immedi-
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decreased from 6 � 104 to 4.7 � 104 m3/year together with the construction of 12
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of DBs, cuspate forelands were formed behind the DBs. Simultaneously, severe
erosion occurred downcoast of Kaike fishing port located at x = 3 km because of the
decrease in the westward longshore sand transport.

In the fourth period, although Qin was the same (4.7 � 104 m3/year) as that in
the third period, new DBs were constructed between x = �3.5 and � 2.5 km, and
between 3.5 and 7 km, and further seawall was constructed between x = �5 and
0 km, and between x = 3.5 and 13 km, as shown in Figure 15(d). At this stage, land
reclamation was carried out at the west end at the shoreline, and the shoreline
length was decreased by 4 km, resulting in the advance of all the contour lines.
Although the shoreline east of the structures was stabilized by the construction of
many coastal structures, erosion is severe downcoast.

In the fifth period between 1995 and 2010 (Figure 15(e)), Qin was kept constant
at 4.7 � 104 m3/year, the same as that in the fourth period. For the sand back pass,
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amount was supplied at x = 8 km. In addition to this, an L-shaped groin was
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x = �5 and 0 km. The effect of blocking longshore sand transport by the land
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Figure 15.
Bathymetric changes between first period (1947–1967) and fifth period (1995–2010). (a) First period
(1947–1962). (b) Second period (1962–1967). (c) Third period (1967–1980). (d) Fourth period
(1980–1995). (e) Fifth period (1995–2010).
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6.2.2 Depth changes

Figure 16 shows the measured and predicted shoreline changes between 1967
and 2007. The shoreline advance behind the DBs, downcoast shoreline recession,
and the shoreline advance upcoast of the west boundary were in good agreement in
the measured and predicted results. Figure 17 shows the entire shoreline changes

Figure 16.
Measured and predicted shoreline changes between 1967 and 2007. (a) Measured (1967–2007).
(b) Calculated (1967–2007).

Figure 17.
Measured and predicted shoreline changes until 2007.
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until 2007 with reference to 1967. The predicted and measured shoreline changes
agree well.

6.2.3 Comparison between measured and calculated shoreline changes

Figure 18 shows the distribution of longshore sand transport in the entire study
area. Between 1899 and 1929, sand supplied from the Hino River was transported to
both directions away from the river mouth with the westward and eastward transport
of 3.6� 105 and 1.1 � 105 m3/year out of the entire sand supply of 4.7 � 105 m3/year,
respectively. With the decrease in sand supply from the Hino River, the longshore
sand transport had decreased from the vicinity of the river mouth. In particular, the
westward longshore sand transport markedly decreased after the construction of the
DBs between 1967 and 1973 in the area between x = 0 and 3 km. East of the river
mouth, eastward longshore sand transport at the initial stage reversed until 1967, and
westward longshore sand transport began to occur after 1967.

7. Conclusions

The topographic changes of the Yumigahama Peninsula between 1899 and 2010
have been reproduced using the contour-line-change model considering the change
in grain size of the seabed material. It was found that the beach changes of this
peninsula were involved in the process leading to the reduction in the size of the
Hino River delta, and strong erosion occurred around the river mouth. Because
countermeasures were carried out from up the coast, sand was deposited up the
coast of various structures with erosion down the coast. It was concluded that the
contour-line-change model considering the change in grain size of the seabed
material is a useful tool for predicting long-term topographic changes.

Figure 18.
Distribution of longshore sand transport rate.
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A. Appendix

Figure A1.
Bathymetric changes until 1947, 1962, and 1967 with reference to bathymetry in 1920. (a) Bathymetric
changes between 1920 and 1947. (b) Bathymetric changes between 1920 and 1962. (c) Bathymetric changes
between 1920 and 1967.
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A. Appendix

Figure A1.
Bathymetric changes until 1947, 1962, and 1967 with reference to bathymetry in 1920. (a) Bathymetric
changes between 1920 and 1947. (b) Bathymetric changes between 1920 and 1962. (c) Bathymetric changes
between 1920 and 1967.
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Figure A2.
Bathymetric changes with reference to bathymetry in 1947. (a) 1962. (b) 1967. (c) 1980. (d) 1995. (e) 2010.
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Chapter 6

The Role of Mangroves in Coastal 
and Estuarine Sedimentary 
Accretion in Southeast Asia
Punarbasu Chaudhuri, Subhamita Chaudhuri  
and Raktima Ghosh

Abstract

Mangroves provide a distinctive mechanism of trapping sediment and accelerat-
ing land-building processes in tide-dominated coastal and estuarine environments. 
The complex hydrodynamic and salinity conditions, accumulation rates of both 
organic and inorganic sediments, primary surface elevation, and hydroperiod 
influence sediment retention mechanism within mangrove ecosystems. Abundant 
terrigenous sediment supply can form dynamic mud banks and the complex aerial 
root system of mangroves may lead to accretion of sediment by weakening the 
tidal velocity. Such mechanisms are often enhanced by organic flocculation. The 
efficiency of sediment trapping by mangroves is species specific. Adaptability and 
resilience of mangroves enable them to cope with the moderate to high rates of sea 
level rise. However, subsurface movements and deep subsidence due to autocompac-
tion may augment the effects of relative sea level rise. Increasing population pres-
sure and forest-based economic activities have caused global reduction of mangrove 
coverage challenging the sedimentation processes. Marker horizon techniques and 
surface elevation table (SET) tests have facilitated assessment of spatial variability 
in patterns of sediment accretion and surface elevation in various coastal sites 
of species-diverse Southeast Asia, especially coastal Malaysia and Thailand. The 
mangroves of the eastern coast of India have witnessed sediment retention, having 
an association with the seasonal rainfall regime.

Keywords: mangrove zonation, sediment accretion, estuarine, flocculation,  
turbidity maximum zone, bioturbation, propagules, autocompaction, sea-level rise, 
surface elevation, marker horizon

1. Introduction

Mangroves form the coastal and estuarine wetland ecosystem in the tropical 
and subtropical regions of the world. This unique intertidal ecosystem acts as a 
safeguard to the coastlines from the disastrous effects of storm surges, erosion, 
and floods. Some mangroves occur along open coasts, subject to moderate wave 
processes, while most of them grow in sheltered, muddy tracts that are either 
regularly or occasionally immersed by tides [1]. The extent and biomass of the 
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mangrove forests are determined by variations in rainfall, tidal influence, wave 
energy, duration of tidal inundation, and salinity levels at both local and regional 
scale which further modify the physical and biological setup within a single coastal 
or estuarine area by affecting the water circulation pattern as well as sediment 
mixing and trapping [2]. There are 9 orders, 20 families, 22–27 genera, and roughly 
70 species of mangrove, among which 40 exclusive and 65 non-exclusive species are 
found in Southeast Asia [3]. The zonation pattern of different species is attributed 
by salinity, tidal flooding, and land elevation. They develop in monospecific bands, 
parallel to the coastline. In Andaman and Nicobar island group, the mangroves 
depict a unique assemblage with the coral reefs. A general description of mangrove 
zonation extends from shore to the inland areas where at the edges the species 
are mostly salt-tolerant and at the interior parts the species are more adopted to 
nonsaline environment. There are four major hypotheses explaining the zona-
tion—(i) land-building and plant succession hypothesis by Davis [4] elucidated the 
succession process by which the pioneer species of mangroves mold the substrate 
by trapping sediments in the intertidal zones and progressively mature mangrove 
species develop to compete with the colonizing species at established substrate; 
(ii) Woodroffe [5] has demonstrated the geomorphologic influences and long-term 
stratigraphic configuration to be dominant factors in species zonation; (iii) in 
1980, Ball [6] has discovered the influence of salinity among other physicochemical 
determinants (seed dispersal, water logging, and tidal inundation) on species com-
petition and growth which ascertain the forest structure; and (iv) Rabinowitz [7] 
laid emphasis on the propagule dispersal. Tidal action is responsible for delivering 
propagules of all sizes to their specific and suitable areas. Survival, establishment, 
and growth of propagules, therefore, play a significant role in dictating mangrove 
zonation. Predation of propagules by small crabs is correlated with the conspecific 
dominance and tree distribution. Avicennia marina is most heavily preyed upon, 
followed by Ceriops tagal, Bruguiera gymnorrhiza, and Rhizophora stylosa [2].

Woodroffe [9] outlined the relationship between the role of mangroves and 
the morphodynamic response of the shoreline. Sedimentation process includ-
ing deposition of fine-grained, clay-dominant particles within the forest floor is 
considered to be one of the driving factors of land-building and shoreline prograda-
tion. Sedimentation modifies the geomorphological setup and influences the soil 
characteristics, groundwater reach, and substrate salinity determining mangrove 
zonation and species distribution. Mangrove vegetation favors the sedimentation 
process by resisting the tidal water flow and trapping the sediments through the 
network of their roots. The resistance offered by mangrove trees to water flow has 
been experimentally tested in a flume [8]. This makes the mangrove shorelines 
as remarkable sediment sink, characterized by long-term import of sediments, 
especially recent sediments which underlie the mangrove forests and coastal plains. 
The mangroves are mostly associated with muddy shorelines of the tropical deltas, 
but they may grow on a wide variety of substrates, including sand, volcanic lava, or 
carbonates. The carbonate sediments are derived from calcareous skeletal remains 
or coral reef substrates, but often the mangrove forest floor is underlain by organic 
peat, acquired mostly from mangrove roots. These sediments which are generated 
within the ecosystem are termed as in situ or autochthonous [9]. Allochthonous 
sediments are transported from the catchment through fluvial discharge or inflow 
of tidal current and littoral drift. The accumulation rates of allochthonous and 
autochthonous sediments, both inorganic and organic, differ between and within 
different geomorphological setups [9]. Dumped dredged material and other bottom 
sediments also contribute to allochthonous sediments when these are re-suspended 
by waves, turbulence generated by ships, and also dredging [10].
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South and Southeast Asia represents some 42% of the total mangrove areas 
in the world and is typified by highest diversity of mangroves [11]. A large 
number of islands and a considerable total length of coastline permit mangrove 
growth and development in the coastal Southeast Asia. In most of the regions, 
coastlines are characterized by high rainfall and a large amount of riverine sedi-
ment input. The Ganges-Brahmaputra delta, constituted by a complex network 
of estuaries, tidal creeks, and islands, supports the world’s largest continuous 
single-area mangroves—the Sundarbans [12]. The sediment input of this delta 
plain is mainly sourced by delivery from overbank flooding of the large riv-
ers and their distributaries [13]. Almost 70% of the total mangroves of India 
exist in the deltaic region. Mahanadi delta constitutes the second most devel-
oped mangrove forests within India after the Indian Sundarbans [11]. Other 
mangrove areas of Southeast Asia include the Philippines, Brunei, Cambodia, 
Myanmar, Pakistan, Indonesia, Thailand, Malaysia, Singapore, Japan, China, 
and Vietnam (Table 1).

The goals of the chapter include (1) the review and reassessment of the sediment 
accretion pattern and processes of the Southeast Asian mangrove forests, (2) under-
standing the role of mangroves both as plants and ecosystem in accreting sediment 
in different geomorphic settings, and (3) relating surface elevation changes with 
relative sea-level rise patterns.

2. Tidal dynamics within mangrove forest

Estuarine circulation is often influenced by the asymmetry between the ebb tide 
and flood tide, mixing of saline and fresh water, and tidal range. The duration of 
the flood tidal current is of shorter span, but with stronger peak currents than the 
ebb tide in most of the extensive vegetated coastal wetlands [2]. The velocity of the 
tidal current is ultimately determined by the ratio of the forest area to waterway 
area and the slope from the tidal creek into the forest [14]. Sedimentation in the 
world’s most extensive mangrove regions is a function of retarded flow velocity of 
the ebb tide due to the bottom friction generated by the mudflat and flow around 
tree trunks, roots, and pneumatophores [5] and thus directly related to the density 
of vegetation [15]. These flows are complex with eddies, jets, and stagnation zones. 

Country Area (×105 ha)

Brunei 0.17

Cambodia 0.60

Indonesia 45.4

Malaysia 6.4

Myanmar 3.8

Philippines 1.6

Thailand 2.6

Vietnam 2.5

Total 63.2 (34.9% of the world)

Data from Spalding [11].

Table 1. 
Mangrove areas in countries of Southeast Asia.
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Manning coefficient is a popular engineering parameter to measure the flow veloc-
ity in relation to friction within the forest. Thus,

  U =   1 __ n    h   2/3   I   1/2   (1)

where U is water flow velocity, n is spatially averaged Manning friction coef-
ficient, h is water depth, and I is water surface slope [14].

Value of n is within the range of 0.025–0.035 in typical sandy channels. It is two 
to three times lesser in the muddy estuaries as it diminishes with the grain size [14]. 
But in the mangrove forest, the friction generated by vegetation becomes prominent 
along with the bottom friction which increases the value of n. Drag forces and trap-
ping of water is another characteristic of mangrove forests. Some amount of this 
incoming and outgoing tidal water is temporarily retained within the forest floor, 
for being returned to the main channel later (Figure 1).

Demuren and Rodi [16] have observed that meanders create a secondary circula-
tion which sorts the sediment according to size ranging from fine-grained mud 
to gravel. It is driven by stratification of flow by density or salinity and particle 
concentration. Due to the secondary circulation, fine-grained silt and clay are accu-
mulated on the sloping banks, whereas sand and gravels remain on the bed. This 
secondary circulation along with tidal pumping promotes flocculation of sediments 
in the estuary, and these mechanisms altogether create mudbanks.

The drag force and delayed water flow is enhanced during the wet season due to 
the freshwater buoyancy, and it is slowed down during dry periods. Wolanski and 
Cassagne [17] have observed high evaporation rate, decline of freshwater input, and 
higher salinity accompanied by slower rate of tidal flushing during the dry seasons 
in Konkoure River delta in Guinea. In addition to this physical complexity of water 
circulation, some estuaries with mangrove dominance exhibit floating mangrove 
debris including propagules which are likely to be accumulated upstream. Hence, 
the presence of tree roots, animal burrows, mounds, and debris exert a drag force 
and resistance to water flow [2, 14].

The sediment transport by the attenuating tidal flow is largely managed by sev-
eral interrelated processes such as (i) tidal pumping and mangrove tidal prism, (ii) 
secondary circulation, (iii) flocculation and trapping of small particles at the turbid-
ity maximum zone (TMZ), and (iv) microbial production of humus. The relative 

Figure 1. 
Schematic view of the flow distribution and hydrodynamics in a mangrove swamp near a tidal creek, after 
Mazda et al. [15].
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importance of these processes is site specific [2]. For example, an estuary with 
narrow fringe of mangrove has different tidal flushing characteristics and is unlikely 
that they play a significant role in sediment dynamics, whereas in the estuaries with 
extensive mangrove forest, sediment transportation and accretion are prominent.

Salinity stratification and salinity gradient determine the estuarine water 
circulation. In the presence of small freshwater input and small tidal range, a 
salinity maximum zone can develop which isolates the upper reaches of the estu-
ary from the coastal edges creating an inverse circulation pattern, such as in Klong 
Ngao mangrove creek in Thailand. Reference [18–20] demonstrate the dynamics 
of an extensive, mangrove-fringed estuary in Malaysia which receives a large and 
sufficiently steady freshwater incursion. They found that the salinity stratification 
is strong during neap tide, but the system de-stratifies during spring tide. Water 
flooding the mangroves has low salinity at neap tide and is saltier at spring tide.

2.1 Flocculation and sediment trapping at the turbidity maximum zone (TMZ)

The fine-grained sediment particles, brought by the rivers or produced due to 
coastal erosion, are deposited predominantly at the vicinity of TMZ of the estuary 
as either individual grains or in aggregated (flocculated) form [21–23]. TMZ usually 
marks the landward limit reached by the saline water where the inward bottom flow 
meets the outward river flow, thus creating a shallow convergent water layer [2]. It 
encompasses a large variation in suspended particulate matter, which varies from 
0.1 gl−1, occurring at moderate to low freshwater flow situation, to more than 200 
gl−1, occurring at a prominent fluid mud layer with stationary suspension [20]. The 
turbidity maximum is not similar for all types of estuaries. It is largely controlled 
by degree of freshwater flow, salinity gradient, tidal dynamics, suspended particles 
at the upper reaches, etc. Researchers have attempted to investigate the pattern of 
sediment transport and characteristics of the turbidity maximum at different estua-
rine systems of the world through both laboratory-based and remote sensing-based 
methods. The degree of flocculation or colloidal stability [24] is largely dependent 
on a number of parameters including mineralogy [25], electrolytic levels which may 
alter with the changing salinity in estuary [26], organic content [27], suspended 
sediment concentration [28], and turbulent mixing [29, 30].

A cyclic occurrence of processes involved in sediment movement—suspension, 
flocculation, settling, deposition, erosion, and resuspension. Laboratory experi-
ments revealed that flocculation occurs more readily when salinity increases [26]. 
However, salinity has an inverse relationship with settling velocity of the suspended 
particles. Laboratory analysis by Mhashhash et al. [31] reveals that settling velocity 
becomes faster with the increase in sediment concentration and decrease in salinity 
(Figure 2).

Cohesive sediments are composed of granular organic and mineral solids in a 
liquid phase [25]. In the estuaries cohesion of clay minerals is facilitated by the flat 
shape and size of particles with their surface area and electrical charge interact-
ing with ambient water [32]. An important outcome of the cohesion property of 
sediments in the seawater is that particles can be adhered together and produce 
aggregates or flocs of several times greater than the size of the original or primary 
particles and can also be disaggregated. This reversibility between aggregation and 
disintegration of cohesive sediment is called flocculation [25, 33].

Flocculation leads to gentle mixing which increases the size from submicrosco-
pic to microfloc, which grows in size after being merged with other microflocs [34]. 
The flocculated particles often provide surface area for absorbing heavy metal, 
pollutants, and nutrients. These processes control the size, density, and form of 
suspended particles [24, 35] and finally determine the settling velocity of flocs. 



Sedimentary Processes - Examples from Asia, Turkey and Nigeria

92

Manning coefficient is a popular engineering parameter to measure the flow veloc-
ity in relation to friction within the forest. Thus,

  U =   1 __ n    h   2/3   I   1/2   (1)

where U is water flow velocity, n is spatially averaged Manning friction coef-
ficient, h is water depth, and I is water surface slope [14].

Value of n is within the range of 0.025–0.035 in typical sandy channels. It is two 
to three times lesser in the muddy estuaries as it diminishes with the grain size [14]. 
But in the mangrove forest, the friction generated by vegetation becomes prominent 
along with the bottom friction which increases the value of n. Drag forces and trap-
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Cassagne [17] have observed high evaporation rate, decline of freshwater input, and 
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Figure 1. 
Schematic view of the flow distribution and hydrodynamics in a mangrove swamp near a tidal creek, after 
Mazda et al. [15].
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importance of these processes is site specific [2]. For example, an estuary with 
narrow fringe of mangrove has different tidal flushing characteristics and is unlikely 
that they play a significant role in sediment dynamics, whereas in the estuaries with 
extensive mangrove forest, sediment transportation and accretion are prominent.

Salinity stratification and salinity gradient determine the estuarine water 
circulation. In the presence of small freshwater input and small tidal range, a 
salinity maximum zone can develop which isolates the upper reaches of the estu-
ary from the coastal edges creating an inverse circulation pattern, such as in Klong 
Ngao mangrove creek in Thailand. Reference [18–20] demonstrate the dynamics 
of an extensive, mangrove-fringed estuary in Malaysia which receives a large and 
sufficiently steady freshwater incursion. They found that the salinity stratification 
is strong during neap tide, but the system de-stratifies during spring tide. Water 
flooding the mangroves has low salinity at neap tide and is saltier at spring tide.

2.1 Flocculation and sediment trapping at the turbidity maximum zone (TMZ)

The fine-grained sediment particles, brought by the rivers or produced due to 
coastal erosion, are deposited predominantly at the vicinity of TMZ of the estuary 
as either individual grains or in aggregated (flocculated) form [21–23]. TMZ usually 
marks the landward limit reached by the saline water where the inward bottom flow 
meets the outward river flow, thus creating a shallow convergent water layer [2]. It 
encompasses a large variation in suspended particulate matter, which varies from 
0.1 gl−1, occurring at moderate to low freshwater flow situation, to more than 200 
gl−1, occurring at a prominent fluid mud layer with stationary suspension [20]. The 
turbidity maximum is not similar for all types of estuaries. It is largely controlled 
by degree of freshwater flow, salinity gradient, tidal dynamics, suspended particles 
at the upper reaches, etc. Researchers have attempted to investigate the pattern of 
sediment transport and characteristics of the turbidity maximum at different estua-
rine systems of the world through both laboratory-based and remote sensing-based 
methods. The degree of flocculation or colloidal stability [24] is largely dependent 
on a number of parameters including mineralogy [25], electrolytic levels which may 
alter with the changing salinity in estuary [26], organic content [27], suspended 
sediment concentration [28], and turbulent mixing [29, 30].

A cyclic occurrence of processes involved in sediment movement—suspension, 
flocculation, settling, deposition, erosion, and resuspension. Laboratory experi-
ments revealed that flocculation occurs more readily when salinity increases [26]. 
However, salinity has an inverse relationship with settling velocity of the suspended 
particles. Laboratory analysis by Mhashhash et al. [31] reveals that settling velocity 
becomes faster with the increase in sediment concentration and decrease in salinity 
(Figure 2).

Cohesive sediments are composed of granular organic and mineral solids in a 
liquid phase [25]. In the estuaries cohesion of clay minerals is facilitated by the flat 
shape and size of particles with their surface area and electrical charge interact-
ing with ambient water [32]. An important outcome of the cohesion property of 
sediments in the seawater is that particles can be adhered together and produce 
aggregates or flocs of several times greater than the size of the original or primary 
particles and can also be disaggregated. This reversibility between aggregation and 
disintegration of cohesive sediment is called flocculation [25, 33].

Flocculation leads to gentle mixing which increases the size from submicrosco-
pic to microfloc, which grows in size after being merged with other microflocs [34]. 
The flocculated particles often provide surface area for absorbing heavy metal, 
pollutants, and nutrients. These processes control the size, density, and form of 
suspended particles [24, 35] and finally determine the settling velocity of flocs. 
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Once the floc gains its optimum size and strength, it is ready for sedimentation. 
Differential settling is the consequence of large particles with higher settling veloc-
ity colliding with smaller particles, having lower velocity [25, 33].

According to Winterwerp and Kesteren [25], a turbulent flow is responsible 
for introducing the particles into eddies, and the particles collide to produce flocs. 
Within the mangrove forests, turbulence is generated by flow around the trees, 
resulting in flocs which are composed of clay and silt particles. The settling of 
suspended sediment particles within the forest takes a shorter time (<30 minutes) 
during the transition from flood to ebb condition, when the water flow becomes 
relatively inactive [2]. Settling is also enabled by sticking of microbial mucus and by 
pelletization of invertebrate excreta. Mucus is not rare in mangroves, being found 
on rotting tree trunks and leaves, on the sediment surface, and in the density-driven 
lines of organic material [36] (Figure 3).

Figure 3. 
Flocculation process, after Mandoza [32].

Figure 2. 
The effect of baroclinic circulation, tidal pumping, mixing, and flocculation in the turbidity maximum zone of 
a model mangrove estuary, after Alongi [2].
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3. The role of mangrove in sedimentation

3.1 Sediment accretion among different root types

The most remarkable adjustments of the mangroves to the coastal and estua-
rine environment are the robust root structures which largely contribute to the 
geomorphological stability of the mudflats through trapping and binding of 
sediments [37]. The aboveground complex root structures of mangroves facilitate 
sediment accretion by increasing friction and reducing tidal current velocities 
[38]. According to Furukawa and Wolanski [14], mangrove forest acts as a “pump” 
of fine-grained sediments from coastal edges toward the forests. Pumping, here, 
indicates the turbulence generated by different mangrove root structures at the time 
when water enters into the forests as flood tide [39]. During slack tide the tidal cur-
rent velocity slows down, ultimately becoming zero and resulting in deposition of 
flocs. The flocculated materials often grow in size and sometimes attain a size which 
the ebb tidal currents are unable to re-suspend [14].

The aboveground aerial roots are generally exposed in the tropical mangrove 
swamps [3]. However, the mangroves facing the waterfront have their aerial roots 
submerged during flood tides [3]. Tomlinson described “pneumatophores” as the 
upward extended erect root forms of the subterranean root systems. In Avicennia 
(Figure 4b), the pneumatophores are of limited height, commonly less than 30 cm. 
Cone roots also belong to pneumatophores and are developed by Sonneratia spp. 
and Xylocarpus moluccensis. The cone roots of Sonneratia (Figure 4f) attain greater 
heights (exceptionally up to 3 m) due to longer period of root development [3]. The 
size of pneumatophores of Laguncularia racemosa is of 20 cm in height. Root systems 
of Avicennia type (Avicennia species, Sonneratia species, and Laguncularia racemosa) 
offer the stability through their star-shaped network of cable roots radiating out from 
the trunk at a depth of 20–50 cm [40]. Apart from aerial roots (or pneumatophores) 
and cable roots, Avicennia marina possesses nutritive roots (or feeding roots) and 
anchor roots [41]. However, Spenceley [42] suggested that pneumatophores are 
likely to have better sediment-retaining properties than other root types. Buttress 
roots, developed mainly by Heritiera littoralis (Figure 4d) and Pelliciera rhizophorae, 
provide a strong tree stability in deltaic plain. Prop roots or stilt roots of Rhizophora 
spp. (Figure 4a) arch out from the tree trunk and often anchor within 30 cm of 
depth [43]. Stilt roots develop to a limited extent in Bruguiera and Ceriops. At the 
sapling stage, they grow at the stem base and form shallow buttresses in old trees [3]. 
Ceriops and Bruguiera possess aboveground knee roots (Figure 4e) with lenticels. 
Horizontally extended surface roots, developed by Excoecaria agallocha (Figure 4c), 
are prevalent in the tropical mangrove wetlands. Sedimentation potential around var-
ious mangrove species with differing cross-sectional root area is studied by Furukawa 
and Wolanski [14]. Species with prop roots, such as Rhizophora spp., tend to capture 
more sediments than Ceriops spp. which have smaller root knees. Moreover, the 
magnitude of sedimentation is greatest for trees forming a complex matrix of roots 
such as Rhizophora spp. and smallest for single trees like Ceriops spp. [14]. According 
to Scoffin [44] Rhizophora roots are the strongest binders of sediment as they reduce 
flow velocity to a degree which restricts sediment transportation. Specific root length 
and longevity of roots are other contributors to soil volume and thus to elevation gains 
[45]. Accumulation of long-lived roots through the loss, decomposition, and compres-
sion of cell contents often promotes the increase in soil volume [45] (Figure 5).

Mangrove seedling density induces sediment accretion [47]. Experiment carried 
out at Palakuda, Sri Lanka, by Kumara et al. [48] unfolded that accretion rates and 
aboveground biomass accumulation were highest among the highest density of 
planted Rhizophora mucronata seedlings for more than 3 years.
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planted Rhizophora mucronata seedlings for more than 3 years.
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3.2 Spatial variability of sediment accretion

Within the coastal wetlands, sediment accretion pattern varies spatially. It 
negatively relates with the distance from mangrove edge [39]. Sedimentation is 
associated with the suspended sediment concentration during tidal inundation 
which reduces from seaward fringe to the scrub zone [14]. Reed [49] postulated 
that the front mangroves are situated at the slurry zone which is the depository 
of sediments both from the rivers and estuaries. Hence, sediment accretion is 
concentrated more at the tidally regulated front mangroves than back mangroves. 
Victor et al. [50] from their experiments at Ngerdorch and Ngerikiil estuaries of 
Micronesia have documented the efficiency of mangroves in trapping 44% of 
riverine fine-grained sediment. These estuaries are subject to high rates of sediment 
erosion resulting from land clearing and poor farming practices, and this erosion is 
largely affecting the growth of coral reefs. Through the radionuclide experiment at 
the Ganga-Brahmaputra delta, Allison and Kepple [51] show the decreasing pattern 
of sedimentation from inland to the shoreline, indicating that the sediment has 
its source at the marine side and it is introduced through tidal inundation, storm 
surges, and seasonal monsoon setup of sea level. This tidal delta plain accounts for 

Figure 4. 
(a) Rhizophora spp. with stilt roots; (b) pneumatophores of Avicennia spp.; (c) surface roots of Excoecaria 
spp.; (d) buttress root of Heritiera littoralis; (e) knee roots of Bruguiera gymnorhiza; (f) cone roots of 
Sonneratia alba; (g) root system exposed due to erosion of substrate; (h) discolored leaves, roots, and trunks 
indicating tidal submergence level; (i) thick muddy substrate due to sediment accretion. Photographs a, b, c, d, 
g, h, and i—Indian Sundarbans—are taken in November 2017 by Subhamita Chaudhuri. Photographs e and 
f—http://www.mangrove.at/mangrove_roots.html [46].
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a widespread mean annualized accretion rate of ~1.1 cm year−1, and the hetero-
geneous sedimentation depositional pattern is influenced by tidal creek networks 
and topography [13, 51, 52]. However, researches of Santen et al. [53] demonstrate 
that in Red River, Vietnam, sediment accretion in some wave-dominated mangrove 
regions alternates with erosion in the fringe zones, and deposition mostly occurs in 
the riverbank mudflats.

Saad et al. [39], in their study at Kemaman River of Malaysia, found that the 
coarser and poorly sorted sediment accumulates at the front mangroves, while 
back mangroves are dominated by finer grains ranging from medium silt to very-
fine-grained silt. The high energy waves at the front may lead to the deposition 
of medium sand at the front mangroves. The grain size often increases with the 
magnitude and frequency of storm surges [54].

Mangrove, as a community, influences sediment accretion in the different 
geomorphological units which are regularly modified by the physical forces and 
shoreline processes. Thom [55] has classified mangrove communities on the basis 
of their geomorphological setup as river-dominated, tide-dominated, wave-domi-
nated and composite river-wave-dominated. The riverine mangrove areas, having a 
unidirectional flow, possess lesser sediment retention capacities. In contrast, tide-
dominated fringes have the bi-directional flow facilitating net sediment import, 
sediment suspension and retention. Wave-dominated mangrove forests often 

Figure 5. 
Schematic diagram demonstrating aerial roots in mangroves, after Tomlinson [3]. All have developed from left 
to right. Dotted line represents substrate level.
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possess distinctive sediment properties than others as because different bedform 
types promote strong erosion-accretion alternation within the forest [56].

Hydrogeomorphic variability along with variation in soil type in different 
topographic setups has led to the classification of mangroves as fringe, riverine, 
basin, scrub, and overwash. In Sri Lanka, these five types of mangrove systems are 
prominent [11]. Lugo and Snedaker [57] have demonstrated that dwarf mangroves 
exist in the environment with considerable scarcity of external nutrients. Both 
mineralogical and biological accretion are affected by the hydroperiod and complex 
morphodynamic feedbacks within these differentiated mangrove zones. The verti-
cal elevation changes within these mangrove zones are not only the result of vertical 
accretion but also relate to the subsurface processes, such as compaction, decompo-
sition, and shrink-swell cycles [58] (Figure 6).

In their studies at Southwestern Florida, Cahoon and Lynch [58] have observed 
that basin mangroves are often separated by berms, and the hydroperiod is mostly 
controlled by rainfall rather than tidal flushes except at extreme high-tide condi-
tions. The accumulated sediment is mostly autochthonous, where organic matter 
inputs are prevalent and elevation changes are mainly caused by accretion and 
substrate shrink-swells due to cycles of flooding and drying. On the other hand, 
erosion and accretion processes are equally important for surface elevation changes 
in tide-dominated, fringe, and outwash mangroves [58] (Figure 7).

3.3 Seasonal change impacts on sediment accretion

Apart from the physicochemical properties present along the shoreline such as 
soil and water temperature, salinity, and pH, sedimentation processes are largely 
controlled by seasonal changes of the river discharge pattern and tidal regime. Due 
to notable increase in current velocity and river discharge, net sediment and organic 
matter transport rate progressively increase during the rainy months. At this time, 
buoyancy effect is important as the freshwater is captured in the forest during high 
tide [2]. Moreover, increasing erosion rates during wet seasons contribute to the 

Figure 6. 
Stages in the formation of mangroves in deltas, after Untawale and Jagtap [56].
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sediment budget at the foreshore. Relatively weak stratification of sediment is often 
recorded at the headwaters of mangrove-fringed waterways due to dominance of 
freshwater input during the wet season [2]. At spring tides, the ebb current directs 
the surface and bottom velocities for the whole tidal cycle in the upper estuary [59].

Degraded mangrove forests of the monsoon-influenced regions induce consider-
able sediment erosion which is ultimately followed by accumulation. Occasional 
storms often deliver the sediments within the forest and promote sediment deposi-
tion. Saad et al. [39] have observed the seasonal impact on sediment accretion rates 
in Kemaman, Malaysia, where the sediment accretion rate was 2.6 mm per month 
during the monsoons between November and January.

The low discharges during the dry season result in the landward transport of 
sediment. Residence time of water is long in the mangrove waterway during dry 
seasons. Trapping of water increases considerably as there is little freshwater to 
cause buoyancy-induced water circulation [2]. Spring tides often result in greater 
peak velocities at the surface in the middle or upper estuary. At the dry season, the 
saltwater reach extends to the extreme upstream section of the estuary. Reduced 
river discharge lowers the sediment input within the forest, resulting in slower rate 
of accretion. Saad’s [39] observation at coastal Malaysia revealed that sediment 
concentrations reached only to 8–20 ppm in non-monsoon season as compared to 
50–200 ppm during the monsoons. The average sediment accretion rate is eventu-
ally brought down to 1.2 mm per month during non-monsoon period.

3.4 Role of the ecosystem

Apart from diverse plant types, mangrove wetlands as an ecosystem support an 
incredible assemblage of fauna which, in turn, participate in land formation pro-
cesses. The wide array of organisms includes barnacles, mollusks, shrimps, crabs, 
lobsters, jellyfish, tunicates, etc. which are often found among the roots of the 
mangroves. Autochthonous materials, including leaf litter, dead twigs, branches, 
and roots from the mangroves, accumulate on the mudflat surface and are incorpo-
rated within the soil through bioturbation by crabs [60]. This built-up material is 

Figure 7. 
Mesoscale processes represent interaction of mangroves mainly with hydrodynamics and sediment supply; 
microscale processes depicts mangrove stand interaction mainly with surface and subsurface processes, after 
Woodroffe et al. [1].
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consumed by detritivores, such as crabs, amphipods, and gastropod mollusks [61]. 
Some of this whole range of organisms plays a conspicuous role in aggregating and 
trapping sediments in their own way.

Mucus and bacterial populations are considerably abundant and productive in 
the mangroves. Mucus is known to be produced by benthic and pelagic detritivores. 
Wolanski [62] has noticed that the clay particles in suspension are trapped by stick-
ing to the bacterial, algal, and animal mucus and pelletization by benthic detritivore 
deposits. He also found that a large number of non-flocculated particle, entering 
into the coral creek mangroves during flood tide, were re-exported at the ebb tide 
by sticking to the mucus floating on the surface water. This mucus was transported 
during ebb tide from the swamp to the creek where it produced prominent foam 
lines [62].

Animal structures, such as burrows, mounds, tubes, and other biogenic struc-
tures, also impact on sedimentation within the forest [63, 64]. These bioturbation 
structures are engineered by crabs and other benthic organisms. Numerous burrows 
generate friction on the forest floor when the tidal water flows through these bur-
rows. Various models of fluid dynamics indicate that water circulation through the 
burrows are highly influenced by the architecture, slope, depth of the forest floor, 
location of roots relative to the burrow, and number of loops within the burrows 
[2]. De [65] in his experiments in the Indian Sundarbans demonstrated the biophys-
ical mechanism of intertidal beach crab. Burrowing cycles within the substratum 
involve construction of oriented and open-to-air burrow tube (pre-tidal phase), 
formation of underwater and subsurface-trapped tabular air bubble occupied by 
the burrower that perpetually maintains internal and external pressure equilibrium 
by modifying inside burrow (tidal phase), and final exposure of air bubble system 
to air (post-tidal phase) before deserting the previous burrow and opening of 
another burrow cycle [65].

Vegetated marsh substrates reduce the fluid current velocity locally near the bed 
resulting in reduction of the energy available to move the sediment through fluid 
shear stress [39]. Benthic mats, developed by algal or microbial material on the 
surface of mangrove soils, contribute to vertical accretion [66]. These biomats are 
produced locally in patches in the depressed and moist areas on the supratidal flats 
following algal bloom. During the experiment at Hooghly estuary, De [65] observed 
that the mat grounds are cohesive, leathery, and composed of slightly coherent 
admixtures of fine-grained sand, silt, and green algae-secreted organic glue. 
Substrates of coastal wetlands including marshes and mangroves are thus character-
ized by organic matter deposition, suggesting the major role of biological processes 
in soil development, soil accretion, and elevation change [67–69]. Analysis of 
sediment cores has helped in inferring the contributions of organic matter to soil 
volume and vertical accretion in marsh and mangrove wetlands [70].

4. Sea-level changes, subsidence, and sediment accretion

Mangrove distribution along the coasts or estuaries changes with time, involving 
the balances between subsidence and accretion, erosion and vegetative stabiliza-
tion, productivity and decomposition, tidal pumping, and drainage competency 
[1]. The global rise in sea level is caused by thermal expansion of seawater due to 
climate change and melting of polar ice caps and glaciers. These lead to the increase 
in volume of water in the ocean resulting in substantial rise in sea level, which is 
called eustatic sea-level rise. On the other hand, mean sea-level rise, measured 
by tide gauges, also varies because of tectonic movement, such as glacial-isostatic 
adjustments and lithospheric flexural subsidence [71]. Subsidence can be of two 
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types: shallow and deep [72]. Shallow subsidence is caused by the reduction of man-
grove and marsh surface elevation due to sediment compaction at the top layer, such 
as shrinkage of silt, clay, or peat deposits and accumulation of subsurface materi-
als [73]. Deep subsidence is led by tectonic and isostatic processes. The measures 
for vertical accretion only consider the effect of shallow subsidence, whereas the 
methods measuring surface elevation anomalies include both shallow and deep 
subsidence [73]. The net effect of eustatic and isostatic sea-level changes results 
in the relative sea-level rise in a specific location over a specific time period [47]. 
Observed and projected sea-level rise has far reaching impacts on mangroves, from 
drowning the vulnerable wetlands to squeezing the coastal areas [74, 75]. However, 
satellite-based experiments of Phan et al. [74] at Mekong River showed that man-
grove degradation and rapid coastal erosion has reduced the mangrove strip induc-
ing lesser sedimentation. Krauss [45] showed that sediment accretion rates beneath 
some mangrove forests surpass the rates of sea-level rise. Hence, the subsurface pro-
cesses play a dominant role in determining whether mangrove adjusts to sea-level 
rise. Subsidence led by autocompaction and areal expansion caused by mangrove 
root growth has important bearing on adjustment of mangroves to sea-level rise [1]. 
Surface elevation table measurements along with marker horizon techniques are 
often adopted to record vertical sediment accretion rates and substrate elevation 
changes and calculate short-term subsidence rates [1]. With the organic and mineral 
sediments, subsurface processes beneath the mangrove forests play a major role in 
developing surface elevation [76]. Wetland elevation is increased and inundation 
stress is decreased by sedimentation. Mangroves develop on the newly accumulated 
mudbank and facilitate soil development and elevation change [77]. Root growth 
dominates below-ground organic sediment accumulation, and this in turn keeps a 
balance with sea-level change [60, 78] (Figure 8).

The research findings of Cahoon and Lynch [58], based on mangrove forest of 
Southwestern Florida, have shown that vertical accretion is often driven by shallow 
subsidence and local sea-level rise. Hence, vulnerability of mangroves is described 

Figure 8. 
Factors affecting sedimentation processes in coastal wetlands after Cahoon et al. [79].
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developing surface elevation [76]. Wetland elevation is increased and inundation 
stress is decreased by sedimentation. Mangroves develop on the newly accumulated 
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Figure 8. 
Factors affecting sedimentation processes in coastal wetlands after Cahoon et al. [79].
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in terms of elevation reduction, rather than accretion deficit [58]. However, man-
groves will be affected by inundation if the rate of sea-level rise is greater than 
vertical land development due to sediment accretion and root accumulation. In such 
situations, mangroves would naturally have the tendency to extend landward [1].

The mangroves respond differently to surface accretion, subsidence, and 
sea-level rise according to their hydrogeomorphic setting. In the experiment at 
Micronesian mangroves, Krauss et al. [37] found that the fringe and riverine 
mangroves are moderately susceptible to local sea-level rise, despite considerably 
high sediment accretion rates along Yela and Utwe rivers of Pacific high islands. 
In contrast, root and peat-based accumulation resulted in greater elevation gain 
in Belize [78]. Fringe mangroves are specifically vulnerable to sea-level changes 
than riverine or interior mangroves, partly due to physiological stress imparted by 
prolonged flooding [37].

According to Cahoon et al. [60], mangrove forests of the world are prone to lose 
surface elevation relative to sea-level rise, despite their ability to accrete sediment 
in some hydrogeomorphic settings. Hence, protecting the mangroves susceptible 
to sea-level rise in the outer margin of the estuaries from human interferences may 
slow the rate of soil loss [37] (Table 2).

5. Methodologies for measuring sediment accretion

Various methods and models have been adopted till date to analyze and 
understand sediment accretion rates within mangrove ecosystems of the world. 
Sedimentation rates, measured by short-term measurement of changes in relative 
sea level along with the estimates by radiotracers, provide a net sedimentation 
pattern [2]. There is a widespread use of radioisotopes 210Pb and 137Cs in analysis 
of long-term sedimentation within mangroves as well as salt marsh areas. Mudd 
et al. [80] have used the above method along with OIMAS-N model simulating 
the ephemeral evolution of a sediment column situated within a salt marsh [80]. 
Banerjee et al. [81] established the 210Pb geochronology in selected four sediment 
cores in the Sundarbans and the Hugli estuary of India for the assessment of trace 
metal distribution in the sediment. The core sites were selected on the basis of 
different anthropogenic and hydrological parameters. Fe-Mn oxyhydroxide is 
observed to be the major controlling factor for trace metal accumulation as com-
pared to organic carbon in both the sites. Fe-normalized enrichment factors (EFs) 
were calculated based on trace element abundance, and the result shows EF >1 
for Cd, Pb, Co, and Cu indicating high enrichment in the top layers of the forest 
substrate. This is mostly because the core sites receive high pollution load from 

Hydrogeomorphic 
setting

Surface elevation 
change (mm year−1)

Vertical accretion 
(mm year−1)

Subsurface change 
(mm year−1)

Fringe −1.3 to +5.9 +1.6 to +8.6 −9.7 to +2.4

Riverine +0.9 to +6.2 +6.5 to +13.0 −11.2 to −0.2

Basin −3.7 to +3.9 +0.7 to +20.8 −19.9 to +2.8

Scrub −1.1 −2.0 −3.1

Overwash −0.6 to −2.5 +4.4 to +6.3 −3.8

Table 2. 
Surface elevation change, vertical accretion, and subsurface adjustment for different mangrove 
hydrogeomorphic settings, determined using surface elevation table-marker horizon (SET-MH) methods, after 
Krauss et al. [45].
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various anthropogenic sources. The experiment revealed relatively less contamina-
tion in the Hugli estuary due to high energy conditions and mostly coarse-grained 
sediments. Chaudhuri et al. [82] determined the accumulation of various trace 
metals in fine nutritive roots of Avicennia marina under the contaminated sedi-
ments at Sydney estuary, Australia. The result showed highest metal concentrations 
of Cu, Pb, and Zn in the fine nutritive roots, with a mean of 153, 189, and 378 mg/
kg, followed by As, Cr, and Ni with mean enrichment concentration of 16, 21, and 
11 mg/kg, respectively. Cd and Cr have low concentrations in fine nutritive root 
tissues. Radiocarbon (14C) dating is another widely used method for measuring 
long-term sedimentation rates for both freshwater and marine ecosystems [83]. 
Optically stimulated luminescence (OSL) technique is often used for dating both 
older and younger (<60 years) sediments of the coasts. Madsen and Murray [84] 
have provided a detailed analysis and review on this technique.

“Marker horizon” technique and sedimentation plates are two most popular 
methods of quantifying transient sediment accretion [37, 73, 85]. Krauss et al. 
[85] in their study used sediment pins to measure elevation change in Micronesian 
mangrove forests. A marker horizon, mainly consisting of degradable material as 
opposed to sedimentation plates, assists as a reference layer within the soil, against 
which deposition of both mineral and organic sediment can be measured using a 
soil corer [72, 85]. In the case of dense vegetation, clipping the vegetation before 
applying the marker material is advisable, whereas marker material can be placed 
at soil surface within the stems in less dense forests. Following this procedure the 
effect of vegetation canopy structure on sediment accretion rates can be inves-
tigated [73]. With stacked layers of the markers, autocompaction rates are often 
assessed [73]. However, recovery of markers may be a challenging task when the 
layer is disturbed by bioturbation [84], distributed by profound floods, or shuffled 
with darker inorganic and organic materials [68]. In the sedimentation plate 
method, the marker horizon consisting of a firm plate made of metal or plastic is 
buried horizontally within the soil just below the rooting zone [73]. For recording 
sediment accretion, a thin metal pin is pushed within the soil until it reaches the 
plate, and its length above the sediment is determined [73]. However, measure-
ments, based on marker horizon and surface elevation tables, provide short-time 
perspectives, indicating shallow subsurface processes of root growth and substrate 
autocompaction, whereas radiometric dating measures long-term sedimentation 
[1]. Saad et al. [39] applied the methodology based on estimating the thickness 
of a sediment section divided by the time span necessary for its deposition. The 
study covered a span of 2 years. To estimate the amount of sediment trapped by 
mangroves in the Ngerdorch and the Ngerikiil estuaries of Micronesia, Victor et al. 
[50] measured the salinity, temperature, and suspended sediment concentration 
to finally quantify the freshwater flow, brackish water outflow, and net estuarine 
sediment transport. Backscattering nephelometer is used widely by the scientists 
for estimating suspended sediment concentration. Horstman et al. [86] estimated 
dry weight of deposited sediments on the forest floor in the Andaman coast of 
Southern Thailand. They used ceramic tiles covered with smooth layer of mortar 
and carefully leveled with the forest floor for recording sediment entrainment and 
deposition. Computer-aided modeling of sediment transport is a valuable tool to 
understand and predict morphological change and sedimentation amount [87]. 
Delft3D software is very popular and is applied widely for simulating hydrodynam-
ics, sediment dynamics, morphological processes, and biotic impacts in shallow 
water environments [88]. The process-based Delft3D-FLOW module solves the 
three-dimensional and two-dimensional unsteady shallow water equations. 
The hydrodynamic model applies horizontal momentum equations to compute 
transport and deposition of sediments concomitantly with the hydrodynamics, 
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different anthropogenic and hydrological parameters. Fe-Mn oxyhydroxide is 
observed to be the major controlling factor for trace metal accumulation as com-
pared to organic carbon in both the sites. Fe-normalized enrichment factors (EFs) 
were calculated based on trace element abundance, and the result shows EF >1 
for Cd, Pb, Co, and Cu indicating high enrichment in the top layers of the forest 
substrate. This is mostly because the core sites receive high pollution load from 

Hydrogeomorphic 
setting

Surface elevation 
change (mm year−1)

Vertical accretion 
(mm year−1)

Subsurface change 
(mm year−1)

Fringe −1.3 to +5.9 +1.6 to +8.6 −9.7 to +2.4

Riverine +0.9 to +6.2 +6.5 to +13.0 −11.2 to −0.2

Basin −3.7 to +3.9 +0.7 to +20.8 −19.9 to +2.8

Scrub −1.1 −2.0 −3.1

Overwash −0.6 to −2.5 +4.4 to +6.3 −3.8

Table 2. 
Surface elevation change, vertical accretion, and subsurface adjustment for different mangrove 
hydrogeomorphic settings, determined using surface elevation table-marker horizon (SET-MH) methods, after 
Krauss et al. [45].
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various anthropogenic sources. The experiment revealed relatively less contamina-
tion in the Hugli estuary due to high energy conditions and mostly coarse-grained 
sediments. Chaudhuri et al. [82] determined the accumulation of various trace 
metals in fine nutritive roots of Avicennia marina under the contaminated sedi-
ments at Sydney estuary, Australia. The result showed highest metal concentrations 
of Cu, Pb, and Zn in the fine nutritive roots, with a mean of 153, 189, and 378 mg/
kg, followed by As, Cr, and Ni with mean enrichment concentration of 16, 21, and 
11 mg/kg, respectively. Cd and Cr have low concentrations in fine nutritive root 
tissues. Radiocarbon (14C) dating is another widely used method for measuring 
long-term sedimentation rates for both freshwater and marine ecosystems [83]. 
Optically stimulated luminescence (OSL) technique is often used for dating both 
older and younger (<60 years) sediments of the coasts. Madsen and Murray [84] 
have provided a detailed analysis and review on this technique.

“Marker horizon” technique and sedimentation plates are two most popular 
methods of quantifying transient sediment accretion [37, 73, 85]. Krauss et al. 
[85] in their study used sediment pins to measure elevation change in Micronesian 
mangrove forests. A marker horizon, mainly consisting of degradable material as 
opposed to sedimentation plates, assists as a reference layer within the soil, against 
which deposition of both mineral and organic sediment can be measured using a 
soil corer [72, 85]. In the case of dense vegetation, clipping the vegetation before 
applying the marker material is advisable, whereas marker material can be placed 
at soil surface within the stems in less dense forests. Following this procedure the 
effect of vegetation canopy structure on sediment accretion rates can be inves-
tigated [73]. With stacked layers of the markers, autocompaction rates are often 
assessed [73]. However, recovery of markers may be a challenging task when the 
layer is disturbed by bioturbation [84], distributed by profound floods, or shuffled 
with darker inorganic and organic materials [68]. In the sedimentation plate 
method, the marker horizon consisting of a firm plate made of metal or plastic is 
buried horizontally within the soil just below the rooting zone [73]. For recording 
sediment accretion, a thin metal pin is pushed within the soil until it reaches the 
plate, and its length above the sediment is determined [73]. However, measure-
ments, based on marker horizon and surface elevation tables, provide short-time 
perspectives, indicating shallow subsurface processes of root growth and substrate 
autocompaction, whereas radiometric dating measures long-term sedimentation 
[1]. Saad et al. [39] applied the methodology based on estimating the thickness 
of a sediment section divided by the time span necessary for its deposition. The 
study covered a span of 2 years. To estimate the amount of sediment trapped by 
mangroves in the Ngerdorch and the Ngerikiil estuaries of Micronesia, Victor et al. 
[50] measured the salinity, temperature, and suspended sediment concentration 
to finally quantify the freshwater flow, brackish water outflow, and net estuarine 
sediment transport. Backscattering nephelometer is used widely by the scientists 
for estimating suspended sediment concentration. Horstman et al. [86] estimated 
dry weight of deposited sediments on the forest floor in the Andaman coast of 
Southern Thailand. They used ceramic tiles covered with smooth layer of mortar 
and carefully leveled with the forest floor for recording sediment entrainment and 
deposition. Computer-aided modeling of sediment transport is a valuable tool to 
understand and predict morphological change and sedimentation amount [87]. 
Delft3D software is very popular and is applied widely for simulating hydrodynam-
ics, sediment dynamics, morphological processes, and biotic impacts in shallow 
water environments [88]. The process-based Delft3D-FLOW module solves the 
three-dimensional and two-dimensional unsteady shallow water equations. 
The hydrodynamic model applies horizontal momentum equations to compute 
transport and deposition of sediments concomitantly with the hydrodynamics, 
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facilitating the understanding of morphodynamic feedback [86]. For measuring 
sedimentation rate and ratio, Adame et al. [89] used sediment traps which consisted 
of pre-weighed 9-cm Whatman qualitative filters placed in the ground over Petri 
dish lids held to the sediment by hooks. In addition, for the assessment of sediment 
quantity transported and deposited in the mangroves, they used glomalin—a novel 
terrestrial soil carbon tracer (Table 3).

6. Conclusion

Mangroves, acting as traps for both mineral and organic sediments, control the 
sedimentation and thus form their own survival ground. In the investigation at the 
Gulf of Thailand, Thampanya et al. [93] substantially differentiated coasts with and 
without mangroves. Coasts with mangroves showed prograding characteristics with 
low rate of erosion. The eroding coastal stretches are characterized by the absence 
of mangroves coupled with increased number of shrimp farms, increased fetch to 
prevailing monsoon, and decreased riverine inputs due to construction of dam [93]. 
Mangrove swamps of Southeast Asia are typified by sediment transport and cir-
culation which is the consequence of intense anthropogenic disturbances near and 
around coastal regions and high rate of sediment erosion. Mangrove degradation 
and fluvial discharge with seasonal maxima seems to play a pivotal role in sediment 
erosion. Mangroves of Mekong delta have been especially affected by human activi-
ties including cutting of trees for timber and reclamation for shrimp cultivation 
[94]. Mandai mangroves, a small mangrove patch of Northeast Singapore, indicate 
an impact of urbanization. It has been a hotspot of research agenda for decades 
providing a broader context of Southeast Asian mangrove conservation [95]. Hence 
programs for plantation, restoration, and rehabilitation can alter the decline of 
mangrove habitat if proper hydrodynamics and sedimentary requisitions are met 
[1]. Alongi [96] examined the impact of climate change on mangrove forests. The 
Intergovernmental Panel on Climate Change (IPCC) has predicted that mangroves 
of arid coastlines, in subsiding river deltas, and some islands will reduce in area, 
though they have often proved to be either resilient or resistant to most environ-
mental changes. The persistence of mangroves insinuates their ability to cope with 
moderately high rates of relative sea-level rise [1]. High sediment accretion, coupled 
with surface elevation change and plant survival in high densities, can facilitate 
shoreline protection and counter relative sea-level rise in the tropics. Moreover, 
continuous increment of aboveground biomass within the high-density mangrove 
wetlands not only advocates surface elevation gain but also acts as atmospheric 
carbon sink [48]. As they grow in saturated, muddy, low-oxygen soils, maximum 

Location Sedimentation rate (mm year−1)

Bay of Bengal ≤5

Ajkwa estuary, Papua 0.6–5.5

Sawi Bay, Thailand 10–12

Matang Mangrove Forest Reserve, Malaysia 10–31

Kuala Kemaman Forest Reserve, Malaysia 10.6

Jiulongjiang estuary, China 13–60

Data from [39, 58, 78, 90–92].

Table 3. 
Sedimentation rates in some mangrove forests focusing on Southeast Asia.
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amount of carbon is stored in roots, resists decay, and becomes long-term sinks as 
mangrove peat [61]. Thus, they provide other significant ecological services such as 
carbon storage. These tidal forests of the tropics are unique open ecosystems for a 
variety of structural and functional properties as well as their distinctive adaption 
techniques with the hydrogeomorphic processes.
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