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Highlights

The article uses geoscience data as an integrated approach to providing new insight into coastal landscape analysis.

The vertical sediment composition shows the influence of the marine regime plays an important role in the process of
longshore sediment transport (LST).

Geospatial analysis proves a strong correlation to sedimentation rate based on 21°Pb.

Abstract. The landscape of Javas north coast is dominated by a mild slope covered by soft sediment, which faces many
environmental issues. These issues have been identified, and the simple technique of overlaying Landsat imagery shows the
evolution of the landscape along the coast. Survey campaigns in 2006 and 2018 verified the Landsat overlay, and the 2!°Pb
dating analysis aids in describing the sedimentation rate along the coast. The results demonstrate that accretion evolu-
tion dominates exclusively in Cirebon’s coastline landscape, with coastal gains reaching 1463.88 ha over four decades and
the sediment rate from 1977-1997 estimated at 0.27-0.33 cm/year. Compared to the earlier decade, the recent two peri-
ods from 1998 to 2018 demonstrate a more extensive desire for progressive accretion affected by the longshore sediment
transport. Hence, special attention should be paid to the northern coast of Java to estimate the sedimentation rate and the

advanced coast.

Keywords: landscape evolution, north Java coast, Cirebon Bay, geoscience data, integrated data, advance coast.

Introduction

The north coast of Java is Indonesia’s most populated and
developed area (Jones, 2013; Novico et al.,, 2021¢). How-
ever it is still vulnerable to disaster, including Cirebon bay
as it is located on the north coast of Java (Figure 1). The
various issues along the coastal area have been studied
in other parts of the world (Dadson et al., 2016; Dolan
et al., 1991; Gardel & Gratiot, 2006; Kumar et al., 2010;
Kurt et al,, 2010; Li & Gong, 2016; Rizzo & Anfuso, 2020;
Vos et al., 2019; Williams, 2013; Xu, 2018), as is the case

in Indonesia such as back and forth coastal area, inun-
dation and subsidence (Novico et al., 2021¢; Andreas
et al., 2018). The essential oceanic processes influencing
the morphological development of coastlines are wind
waves and wave-driven nearshore currents (Dean & Dal-
rymple, 2001). Much energy from waves and currents is
transferred directly to the seabed in shallow water. This
process causes sediment transport and changes in the sea-
bed through different bed forms at different spatial and
temporal scales (Kaczmarek et al., 2005). The longshore
current, caused by waves breaking at an angle to the coast,
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moves the longshore sediment transport (LST) (Longuet-
Higgins, 1970; van Rijn et al., 2003). Unbalance LST will
create the coastal retreat and advance, creating a problem
for coastal communities (Pilkey & Cooper, 2014). Besides,
issues regarding coastal morphology have been studied by
(Kumar et al., 2010; Pilkey & Cooper, 2014; Toorman et al.,
2018, related to storm by (Hoffken et al., 2020), and land
use development (Dean & Dalrymple, 2001; Quang et al.,
2021; Thieler et al., 2009). Those issues related to anthro-
pogenic heritage also occurred in Cirebon (Novico, 2006).
However, in the long-term geological scale, the dominance
of tectonic and eustatic level also play a role in coastal
evolution, as mentioned by a previous study (Menier et al.,
2010; Meyssignac & Cazenave, 2012; Pian & Menier, 2011;
Sathiamurthy & Voris, 2006; Williams, 2013).
Undoubtedly, a dynamic coastline study is needed to
understand coastal evolution comprehensively. However,
due to a different point of view, shoreline dynamics are
only explored by a few variables in the typical investiga-
tion. Hence, our main objective is to reveal the phenom-
enon of short-term coastal dynamics in Cirebon bay by
organising some proxies to explore the coastal evolution
in Cirebon waters. The four decades of satellite images
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Figure 1. a) Study locations on a map Cirebon Regency are
situated in Java’s northern coastline zone; b) Cirebon is a
reasonably flat flood plain of the Cimanuk-Cisanggarung

deltaic system (grey color), with bathymetry of Cirebon waters
(blue colour), selected seismic lines (yellow lines), core drilling
(white star), and sampling sediments (yellow node)

are used as benchmarks of coastline calculation in this
research. Due to the lack of a time series data set of field
measurements, the short-term marine acquisition of ba-
thymetry data, sub-bottom profile, and lithology, aided by
radioactive analysis 2!Pb, were used to verify the coastal
evolution.

1. Regional setting and sediment distribution

The physiographic arrangement of Cirebon Bay, from the
southern sections to the northern areas, encompasses the
complexity of the Southern Java compression zone, the
West Java volcanic region, and the extension back-arc
of the Java Sea. The extensional faulting dominates the
coastline of North-West Java, with minimal compres-
sional structure (Darman & Sidi, 2000; Sathiamurthy &
Voris, 2006). It has been formed since the early Tertiary by
continuous subsidence and southward tilting of the Sunda
plate (Hamilton, 1979). The morphology of the coastal
area in Cirebon bay has irregularity of the coastline where
the west part tends to the north, then the east. Theoreti-
cally, the western part will get less current flux from oft-
shore than the east when the west monsoon. Besides, the
mild slope of the coastal zone preserves the homogeneous
alluvial deposit along the coast, which is less than 17%
(Novico, 2006).

Cirebon’s coastal area is covered by unconsolidated
sediment (Silitonga & Masria, 1978) and soft sediment
(Salahuddin et al., 2001). The lithology of the onshore area
around Cirebon is divided into four units: alluvial (Qa),
Mt. Ceremai eruption (Qvr), Gintung Formation (Qpg),
and Kalibiuk Formation (Tpb), as shown in Figure 2. On-
shore lithology shows the dominance of volcanic products.
The coastline is covered by alluvial material of soft and
loose sediment material typical of marine deposits. In ad-
dition, Cirebon Bay consists of two lithologies, mud (Z)
and slightly gravelly sandy mud, that might accumulate
mixed transport onshore and offshore.
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Figure 2. Modification map of seafloor sediment distribution
(Salahuddin et al.,, 2001) and onshore lithology in the Cirebon
Area (Silitonga & Masria, 1978). The Q, is identified as
alluvium containing that cohesive and loose sediment
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2. Materials and methods

Integrated data consisting of time-series Landsat image-
ry, bathymetry survey which used a single beam Odom
Hydrotrac I, 200 kHz echo sounders, sediment cores by
rotary drilling, sediment sampling by gravity core, 21°Pb
dating, high-resolution single-channel seismic analogue
records (HRSS) by applied the uniboom boomer system,
and hydrodynamic model data aided by Mike 21HDFM.
The survey campaign was conducted in 2006, and bathym-
etry was updated in 2018. The Landsat imageries obtained
from the United States Geological Survey cover the years
1978-1988, 1988-1998, 1998-2008, and 2008-2018 (Ta-
ble 1). Pre-processing procedures are completed by cor-
recting the radiometric and atmospheric. It was analysed
using ENVT software for radiometric and FLAASH model
for atmospheric. It is a standard procedure to extract the
shoreline data from Satellite images time series and the
shoreline position derived from visual and by applying
digital image-processing techniques (Kumar et al., 2010;
Xu, 2018). Data from Landsat images were georeferenced
and reformatted to a GIS environment. Satellite imagery
is acquired at any stage of the tide, so tidal corrections
are needed (Boak & Turner, 2005; Kumaravel et al., 2013).
The process from georeferencing to visual and digital im-
age interpretation and conversion raster to vector and
GIS analysis is done to get shoreline data (Kumar et al.,
2010). We use ENVT software and ArcGIS to extract digi-
tally and process for LANDSAT time series analysis. We
applied some bands, which are Landsat 2 (1978) by ap-
plying band RGB 654, Landsat 5 (1988) 457, Landsat 5
(1998) 457, Landsat 5 (2008) 457, and Landsat 8 (2018)
653. According to the objective of this study, to identify
coastal landscape evolution, an overlying all Landsat series
was logically engaged, followed by mapping the coastline
zonation of accretion and abrasion.

Therefore, the Digital Shoreline Analysis System
(DSAS) tool in ArcGIS has been applied to assist the time
series evolution of the coastline changing along the Cire-
bon coast. This tool is commonly used to analyse accre-
tion abrasion (Quang et al., 2021). Within this analysis,
some parameters can be explored, such as End Point Rate
(EPR), Linear Regression Rate (LRR), Shoreline Change
Envelope (SCE), and Net Shoreline Movement (NSM).
Because it depends on the oldest and youngest shorelines
(Thieler et al., 2009), the EPR parameter often indicates an
overall change over time. EPR can be used to examine two
shorelines. However, for more than two shorelines, LRR

is more precise and objective. Positive accretion numbers
and negative abrasion values can be found in the EPR and
LRR results (Quang et al., 2021).

Moreover, in the sediment deposition or erosion
framework, the evidence of coastal dynamic could logi-
cally be pertained to some vertical variations of deposi-
tional environments by interpreting seismic facies and
sediment grain size distribution (Catuneanu et al., 2009;
Martinez-Carrefio & Garcia-Gil, 2017; Menier et al., 2010;
Novico et al., 2021a, 2021b). As a result, a 225 km long
high-resolution seismic reflection campaign survey was
completed in 27 lines using a unit pulse boomer EG&G-
234 and a Benthos ten element hydrophone. Two seismic
lines, L-7 and L-35, were selected (Figure 1b) to identi-
fy the sediment succession of representative uppermost
sequences and the thickness of the depositional trend.
Furthermore, six selected short gravity cores and two
drillings’ cores were analysed for the lateral-vertical dis-
tribution of lithology and grain sizes (Figure 1b). Lateral
lithology distribution is needed to achieve the modern li-
thology variation along the Cirebon coastline and is used
to verify lithological texture conformity between coastal
and offshore lithology. Its variations graphs are a proxy to
observe the accords with coastal dynamic. In addition, se-
lected samples were examined using 2!°Pb dating analysis
spectrometer gamma (92x spectrum meter, ortec) in the
Center for Science and Acceleration Technology, National
Nuclear Power Agency (PSTA BATAN) laboratory Yogya-
karta Indonesia was completed using a sediment core to
calculate the rate of sedimentation. All data from those
proxies is processed using the flow chart in Figure 3 until
the final results are obtained, which are depicted in map
abrasion-accretion and calculation graphs.

3. Results

3.1. DSAS analysis of interdecadal coastal evolution

According to DSAS analysis (Figure 4), the blue area of
the advance zone dominated from 1978 to 1988 and again
from 2008 to 2018. However, between 1988 and 2008, the
red area indicated a slight erosion along the coast of Cire-
bon Bay.

Based on the DSAS analysis (Table 2), it can be de-
termined that the first decade of 1978 to 1988 presented
coastal accretion with an average rate of 11.08 m yr!
(EPR), and NSM revealed an average shoreline change of
110.49 m. In the following decades, from 1988 to 2008, the

Table 1. Landsat data for Cirebon Area

Images Sensor Data Path Row Local Time Resolution Tidal Height
Landsat 2 MSS. 09/25/1978 129065 08h52'08" 80 m 0.083
Landsat 5 ™ 09/14/1988 121065 09h32'03"” 30 m 0.012
Landsat 5 ™ 08/09/1998 121065 09h32'42" 30 m -0.012
Landsat 5 ™ 09/21/2008 121065 09h39'11" 30 m 0.154
Landsat 8 OLI_TIRS 10/03/2018 12165 09h54'03" 30 m 0.196
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Figure 3. The investigation began with a rounded grey rectangle representing an evolution analysis of a coastline. It comprises
two major data mentioned in the yellow parallelogram as input. Each data need the acquisition process mentioned in the green
rectangle, and the subject process for each parameter indicated in the blue rectangle. The following process is displayed in an orange
rectangle where all those parameters are linked to yield the dynamic of the coastline, which is described by calculation values and

coastline evolution maps in a grey rounded rectangle
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190 R. Y. Pratama et al. Short-term coastal landscape evolution in cirebon bay using coastline environment analysis

Table 2. The coastal dynamic during 1978-2018

No Period Average EPR (m yr™!) | Average NSM (m) | Advance deposition (ha) Retreat erosion (ha)
1 1978-1988 11.08 110.49 623.51 111.87
2 1988-1998 4.73 46.81 320.12 164.89
3 1998-2008 2.71 27.43 291.98 136.43
4 2008-2018 5.02 50.31 458.62 44.48

magnitude of sedimentation decreased, and the average
EPR was 4.73-2.71 m yr~! and NSM 46.81-27.43 m. This
means that it reduced to 30-50% from the first decade.
Furthermore, the last decade, 2008-2018, shows that av-
erage EPR and NSM rebounded to 5.02 m yr~!, 50.31 m.

3.2. Interpretation of seismic unit

The deposition and erosion pattern around the coastline
naturally relates to the sediment transport around the
coast. Although accretion-erosion dominates in a short-
term period of four decades, at least it can be seen as a
trend of sediment accumulation from the sub-bottom
profile data around the Cirebon waters. Figure 5a-b il-
lustrates four sedimentary units obtained from line-7
and line-35 seismic data. To reveal the phenomenon of
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Figure 5. The seismic data and its interpretation (a) line L-7
shows unit 4 has a deposition trend, paleochannel in unit 3,
and LGM boundary is UB-2. It is located in the northern part
of the bay (b) line L-35 and shows the same pattern in the
southern part of the bay

the sedimentation process, seismic profiles were analysed
in terms of continuity, amplitude, configuration, and ter-
mination of reflectors (Catuneanu et al., 2009; Vail et al.,
1977). All units are featured by dominated parallel lamina-
tions and acoustic turbidity that mask some of the reflec-
tor’s records (Menier et al., 2010; Novico et al., 2022b).

Unit 1 (U1) corresponds to the oldest sediment depos-
it body reached by this seismic data acquisition, Figure 8.
This unit is located +50 ms TW'T from surface water. The
thickness of Unit 2 (U2) varies greatly, ranging from about
10 ms TWT to 30 ms TWT. Unit 3 (U3), which has a
thickness ranging from 2 ms TWT to 23 ms TWT and is
laid on a very irregular channelling erosional surface, has
a flat upper layer that covers a prograding system in some
areas of the unit’s distribution (Figure 5). The base of U3
is a large incision that intersects the U2 with a divergent
filling. Thus, the variation in thickness corresponds to in-
cising channels as well as other Oceano-sedimentological
processes. As a result, we concluded that U3 was deposited
in a deltaic region based on its seismic stack pattern (Dean
& Dalrymple, 2001; Novico et al., 2021a, 2022b; Reineck
& Singh, 1980). Unit 4 (U4), Figure 8, has a thickness of
about 10 TWT (8 m) to 20 TWT (16 m) on the most re-
cent surface that will be affected by the deposition source.
Unlike other units, U4 is laterally distributed toward all
study areas, but the thickness differs. The seismic facies
show the rates medium to high in continuity, amplitude,
and frequency, with reflector configuration mostly aggrad-
ing parallel. As an actual depositional environment, the
lithofacies of U4 are generally infilled with shallow marine
clay and laterally outspread by dominated clay with some
intercalations of silt and fine sand from the basal layer
to the top. Based on these units” interpretation, it can be
determined that the geological structures are not found in
this region, which means the structure of the recent fault
is not identified in this region.

3.3. Sedimentologic cores and radionuclide 2!°Pb

Drilling results BH-01 and BH-02 (Figure 6) indicate that
the lithology from the seafloor to a depth of approximately
10 meters is cohesive clay sediment with a greenish-grey col-
our, containing remnants of clam shells, saturated with water,
low plasticity, and very soft. Deeper lithology shows an alter-
nation of sand and silt-clay deposits. Based on two boreholes,
the sand pocket is 12 meters and 20 meters deep, meaning
the onshore debris dominated the area in this period.

In addition to investigating coastal sediment and cur-
rent condition, a radioisotope analysis of 21°Pb was also
carried out to reveal the age of the deposition. The method
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of determining the age of a deposit using a radioisotope of
210pb is widely used in global studies, particularly for de-
posits less than a century old (Baskaran et al., 2017; Broce
et al,, 2022; Pdez-Osuna & Mandelli, 1985). According to
the results of the sedimentation rate calculation of the se-
lected sample, the average vertical sedimentation velocity
ranges from 0.12 to 0.33 cm/year. Table 3 shows the age of
deposition, which can be linked with a decade-long DSAS
analysis to provide an overview of the state of the deposi-
tion trend across the Cirebon coast. Based on the veloc-
ity of sedimentation rate of CRBKJ-1 of 0.33 cm/year with
deposition in 1997, it can be classified into DSAS in 1998-
2008, considering that the sample was taken in 2006. Fur-
thermore, CRBKJ-2, with a sedimentation rate of 0.32 cm/
year, was connected with DSAS analysis from 1988 to 1998,
whereas CRBKJ-3, with a deposition rate of 0.27 in 1977,
was correlated with DSAS data from 1978 to 1988.

3.4. Hydrodynamic condition

The hydrodynamic condition simulation was conducted
within one year of the monsoon condition. The hindcast-
ing model was verified by the tidal and current param-
eters (Novico, 2006) to achieve a reliable model to illus-
trate the magnitude and direction of current speed. The
Mike21 HD FM assisted with the hindcasting, and the
models were completed by east-west monsoon scenarios
that used recent bathymetry data from the 2018 survey,
open boundaries generated by the tidal model Global Tide
Model, and wind data from Jatiwangi Station from 2008
to 2018. Figure 7 shows that the current speed of the west

Table 3. The analysis of 21°Pb and 226Ra

Mo e Dt ey | g yerie e[ Bt arof | Sl
1 CRBK]J-1 0-3 9.371 1997 0.33
2 CRBK]J-2 3-6 18.537 1987 0.32
3 CRBKJ-3 6-9 29.149 1977 0.27
4 CRBKJ-4 9-12 46.988 1959 0.17
5 CRBK]J-5 12-15 72.100 1934 0.12
6 CRBK]J-6 15-18 115.207 1891 0.07
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1222078 17:00:00 Time Step 151 of 55,
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282015 50000 T Step 787 o1 956,

Figure 7. West and East Monsoons HD-FM 1 year Hindcasting simulation of 2018-2019
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monsoon is a little smaller than the east monsoon. The
top average current speed in the west monsoon is about
0.4 m/sec, and in the east monsoon, less than 0.5 m/sec,
the dominant direction for both seasons is south and
north, following the shoreline, which means LST. Never-
theless, the current pattern around the eastern part of the
Cimanis river mouth (zone H) indicates that this area is
subject to high turbulence energy of water mass.

4. Discussion

Based on the result part, the dominant pattern of the
coastal landscape in Cirebon bay tends to be deposed and
advanced shoreline. DSAS presents the coastline develop-
ment growth almost within the entire region. The sedi-
mentation rate supports that it has reached 0.33 cm/year
since 1997, dominated by cohesive sediment, as men-
tioned in Figure 8. Previous researchers proved tidal and
longshore currents might cause this cohesive deposi-
tion (George et al., 2019; Restrepo et al., 2016; Schaftner
et al., 2001). Moreover, the hydrodynamic simulation has
shown a low current magnitude for both seasons, less than
0.5 m/sec, which means cohesive sediment deposition oc-
curred at low energy current speed. Based on the seismic
record also displayed the modern deposit of offshore ma-
rine sediment identified as the thick of Recent to Holo-
cene sediment, and the seismic record show there is no
indication of uplift that is present in the seismic record.

CRB-06-01
Composition of clay(%)
96 96,5 97 97,5 98

Depth (cm) below sediment surface

/ 45
50

Composition of clay(%)

5

R. Y. Pratama et al. Short-term coastal landscape evolution in cirebon bay using coastline environment analysis

Regionally, this phenomenon is in stark contrast to the
rest of Java’s northern coast, which is dominated by ero-
sion (Ervita & Marfai, 2017; Novico et al., 2021¢; Restrepo
et al.,, 2016). This regional pattern is similar to the Cirebon
coast within the 1988 to 2008 period when EPR and NSM
decreased. This two-decade pattern could be aligned with
the 18.6-year tidal cycle (Yasuda, 2018), which describes
that the LST in this period depends on the oceanogra-
phy condition. In addition, the coastline irregularity along
Cirebon Bay still impacts uneven sedimentation patterns
that occur along the coastline. As shown in Figure 4,
Zone H experienced decade-long erosion showing sedi-
ment transport affected by shoreline differences (Van Rijn,
2011). Nevertheless, serious attention needs to be paid to
the total area of the advanced coast in Cirebon Bay since
the advanced coast may still occur.

Conclusions

The DSAS results show a change in the coastline from
1978 to 2018. During that period, the deposition trend
dominated along the Cirebon coastline. Based on the
high-resolution seismic record, it also can be seen that the
deposition trend occurred in unit 4 as the top unit repre-
senting the Recent-Holocene sediment. BH-01 and BH-02
also proved that until 10m depth, it was still dominated
by cohesive sediment. Verified by the 21°Pb radioisotope
analysis, the average depositional velocity for 1978-2018
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is 0.306 cm/year. Therefore, within 40 years, deposition
can be seen in at least 12 cm seafloor sediment samples.
For all gravity core data, the dominance of clay and silt
can be recognised from the top to 20 cm sediment sam-
ple depth. Based on these conditions, the LST regime in
Cirebon Bay is more affected by offshore parameters than
river discharge, as evidenced by the deposition of cohe-
sive sediment in the coastal area of Cirebon. We urge the
contribution of other comprehensive topographical-tidal
measurements, river discharge, and water quality informa-
tion since they will be necessary for future studies on the
coastal landscape.
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