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This study investigates sediment transport dynamics and lead (Pb) contamination in the
Banjir Kanal Timur estuarine system and the Lamper River, Central Java, Indonesia.
Sediment samples were collected as bed load and suspended load following 1SO 5667-
12:2017 and 1SO 5667-17:2000 standards. Laboratory analyses included granulometric
and gravimetric analyses, as well as heavy-metal determination using Atomic Absorption
Spectrophotometry (AAS). River discharge was measured based on SNI 03-2414-1991,
while heavy-metal extraction and quantification followed standardized SNI procedures.
Sediment transport rates were calculated using empirical formulations incorporating
hydraulic and geomorphological parameters. The results show that sand was the
dominant sediment fraction at most stations, ranging from 38.51% to 61.20%, while silt
ranged from 31.29% to approximately 59.50% and clay ranged from 0.76% to 20.21%.
Lead (Pb) concentrations ranged from 15.09 to 21.91 mg/kg and remained below the
applied sediment-quality guideline threshold. However, Geoaccumulation Index (lgeo)
values of 4.65-5.19 indicated heavily to extremely contaminated conditions, while
Enrichment Factor (EF) values of 1.61-2.34 suggested minor anthropogenic enrichment.
Spatial variability in sediment transport was influenced by discharge, channel
morphology, and tidal dynamics, with the estuarine stations generally exhibiting higher
transport rates than the upstream station. These findings demonstrate the influence of
urbanization and anthropogenic activities on sediment quality and distribution patterns in
tropical river estuaries.

accumulation Index, river discharge, SNI
standards
1. INTRODUCTION

Sediment transport refers to the movement of particulate

introduce anthropogenic contaminants into sediments.
Consequently, the physical and chemical alteration of
sediments contributes to water-quality deterioration,

matter driven by flowing water in rivers and other aquatic
systems [1]. Sediments, which are primarily composed of sand
and mineral particles, accumulate and initiate transport
processes that contribute to riverbed formation through
aggradation and the development of deltaic environments [2,
3]. Sedimentation is the settling process through which
particles in the water column are deposited onto the riverbed,
whereas sediment transport encompasses the processes that
keep these particles in suspension or motion. The interaction
between these mechanisms is fundamental to river-system
analysis, particularly for understanding sediment distribution,
habitat conditions, and channel morphology [4, 5]. These
processes also influence water quality, riverbank stability, and
streambed structure because sediments transport essential
nutrients, organic matter, and minerals that sustain aquatic
ecosystems. However, sediments can also act as carriers of
pollutants, including heavy metals originating from
agricultural runoff, industrial discharge, and urban wastewater
[6, 7]. The presence of such contaminants degrades water
quality and poses significant environmental risks to aquatic
life. In urban rivers, pollution is further intensified by
industrial activities and residential development, which
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environmental degradation, biodiversity loss, and potential
risks to human health. In Southeast Asia, urban river
conditions have deteriorated significantly due to increased
sediment loads carrying hazardous substances [8, 9],
highlighting the urgent need for comprehensive sediment-
management strategies to control contaminant transport and
mitigate river-basin pollution.

In Indonesia, several rivers, including those in Semarang,
Central Java, are experiencing substantial heavy-metal
contamination [10, 11]. Rivers that traditionally function as
channels for water conveyance are increasingly being used as
disposal sites for industrial effluents and domestic waste. This
practice has resulted in the accumulation of contaminated
sediments, particularly near river mouths, which generates
adverse environmental impacts. Estuarine zones play a critical
role as transitional areas that influence overall river-water
quality [12]. Among various pollutants, lead (Pb) is one of the
most commonly detected heavy metals in urban river systems
and poses serious risks to both human health and aquatic
ecosystems [13]. The primary sources of lead contamination
include industrial activities and wvehicular emissions,
especially from the historical use of leaded gasoline before its
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phase-out in Indonesia in 2006 [14].

Although policies banning the use of leaded fuel have been
implemented, lead residues persist in sediments and soils
because of their stable and non-biodegradable characteristics.
Hydrological processes within river systems further facilitate
the redistribution of these contaminants, increasing risks to
ecosystems and communities in estuarine areas. Industrial
activities, such as automotive workshops, textile production,
and food processing, also continue to contribute to
environmental lead pollution through direct discharge [15].
Numerous studies have examined the distribution and impacts
of heavy metals on water quality. For example, Wu et al. [16]
assessed potential health risks associated with heavy-metal
exposure, while Zhao et al. [17] investigated the influence of
heavy metals on microbial communities and demonstrated
their disruption of nutrient cycling and aquatic ecosystem
balance. In addition, Sheng et al. [18] highlighted the
significant role of microbial activity in sediments in regulating
nutrient dynamics and pollutant degradation.

Despite these findings, most previous studies have focused
primarily on heavy-metal contamination in sediments without
considering sediment transport dynamics along river systems.
Existing research also tends to emphasize the relationship
between microbial activity and heavy-metal pollution, while
overlooking the potential use of heavy metals as indicators of
river-water quality. A critical research gap, therefore, remains
in the integrated analysis of sediment transport processes,
heavy-metal distribution, and tidal influences within tropical
urban estuarine systems, particularly in the Indonesian
context. Accordingly, this study aims to analyze the transport
of lead (Pb) in Indonesian rivers, with particular emphasis on
its movement through sediment pathways. The analysis is
supported by sediment characterization, including both bed
load and suspended load, across several monitoring stations.
The novelty of this research lies in combining sediment
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transport quantification, Pb contamination assessment using
multiple  indices  (Geoaccumulation  Index  (lgeo),
Contamination Factor (Cr), and EF), and tidal-dynamic
considerations within a single integrated framework. This
study is expected to provide insights into sedimentation
characteristics, transport velocity, and their implications for
river-water quality, ultimately contributing to the development
of effective pollution-control strategies to protect water
resources and public health in urban environments.

2. METHODOLOGY
2.1 Study area

The study was conducted between June and August 2024 at
two primary research locations: the Banjir Kanal Timur
estuary and the Lamper River (see Figure 1 and Figure 2).
Sampling in the estuarine area was conducted at three
observation stations: Station El (657'6.81"S,
11026'25.48"E), Station E2 (657'6.63"S, 11026'25.06"E),
and Station E3 (657'6.44"S, 11026'24.60"E). In addition, one
sampling point was established in the midstream section of the
Lamper  River, namely Station L  (790'6.48"S,
11026'39.20"E). Discharge measurements were conducted at
the Banjir Kanal Timur Bridge, located approximately 5.06
km upstream from the estuary at 69%946.17"S and
11026'20.91"E. This location was selected because of its
hydrological stability, as it is not influenced by tidal
fluctuations, thereby ensuring more reliable data. The site also
offers practical advantages, including ease of access and a
relatively shallow river profile, which facilitates more efficient
sampling by minimizing constraints related to depth
variability and tidal interference.

Research location for lamper sampling

Map Source
1. Google Earth Image 2026

E = Estuary Sampling Points
Coordinate System R = Lamper River Sampling Point

WGS 84 (EPSG:4326)

Figure 1. Research location for the estuary and Lamper River sampling
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SEDIMENT SAMPLING
Sediment samples were collected into
two main categories:

bottom load and suspended load.

BOTTOM LOAD SAMPLING SUSPENDED LOAD SAMPLING
Standard: ISO 5667-12:2017 Standard: ISO 5667-17:2000
LABORATORY ANALYSIS

Samples are analyzed in two stages.

I
' i

GRANULOMETRIC ANALYSIS

Aims to determine the
particle size distribution.

Standard: ISO 1127:2020 (E)

GRAVIMETRIC ANALYSIS

Aims to measure
sediment mass.

Standard: SNI 06-6988-2004

v

DATA INTERPRETATION
& ASSESSMENT

' ! !

RIVER DISCHARGE ACID DIGESTION HEAVY METAL ANALYSIS
MEASUREMENT
Refers to SNI 03-2414-1991,
which focuses on calculating
discharge in open channels.

Carried out based on
SNI 8910:2018 to ensure
optimal ion of
heavy metals.

The concentration of heavy
metals in sediments is Assessment of heavy metal
byap ination in
that refers to sediment media.
SNI 06-6982.3-2004.

Note: All methods and standards refer to the relevant
Indonesian National Standards (SNI) and/or international (ISO) guidelines.

Figure 2. Flowchart of the data collection method

The Banjir Kanal Timur River primarily functions as a
receiving body for runoff generated from various
anthropogenic activities, including industrial, residential, and
commercial sources. These characteristics formed the basis for
its selection as the main study site. The river is highly suitable
for investigating sediment transport and contaminant
dynamics because of its significant sediment accumulation and
high susceptibility to heavy-metal pollution. The Lamper
River, as a tributary of the Banjir Kanal Timur, was also
included to assess upstream flow contributions and compare
pollution levels between interconnected river segments.
Together, these two locations provide an integrated study area
that enables a comprehensive analysis of sediment transport
processes and pollution distribution along different sections of
the river system in Indonesia.

2.2 Data collection method

A total of 12 independent sediment samples were collected
over three months, from June to August 2024. Sampling was
conducted at four points each month: three estuarine stations
(E1, E2, and E3) and one upstream station in the Lamper River
(L). Sediment samples were classified into two main
categories: bed load and suspended load. Bed-load sampling
followed ISO 5667-12:2017, while suspended-load sampling
followed the procedures specified in ISO 5667-17:2000. All
samples were immediately stored in acid-washed polyethylene
containers, preserved at 4 °C in a cool box, and transported to
the laboratory within 12 hours for further analysis.

For granulometric analysis, dried samples (105 °C for 24
hours) were first separated using a sieve shaker with mesh
sizes ranging from 4.75 mm to 0.063 mm to obtain the sand
fraction. The finer fraction (<0.063 mm), containing silt and
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clay, was further analyzed using the pipette method based on
Stokes’ law, following ISO 1127:2020 (E). Gravimetric
analysis was used to quantify sediment mass with reference to
SNI 06-69398-2004. River discharge measurements were
conducted based on SNI 03-2414-1991. Discharge was
measured at a single representative point located
approximately 5.06 km upstream of the estuary, at the Banjir
Kanal Timur Bridge, which is not influenced by tidal
backwater. For estuarine stations, discharge was assumed to
be equal to this upstream value because no major tributaries
occur between the measurement point and the sampling
locations. However, the calculated transport rates are
presented as estimates based on representative discharge rather
than station-specific measured loads. Acid digestion was
conducted according to SNI 8910:2021 to ensure optimal
extraction of heavy metals from the samples. The
concentration of Pb in the sediments was then determined
using procedures outlined in SNI 06-6992.3-2004.

2.3 Laboratory analysis of sediment samples

Sediment samples were collected and classified into two
primary groups: bed load and suspended load. Bed-load
sampling was conducted in accordance with 1SO 5667-
12:2017, while suspended-load sampling followed the
procedures outlined in ISO 5667-17:2000. The collected
samples were subsequently analyzed through two main stages:
granulometric ~ analysis and  gravimetric  analysis.
Granulometric analysis was performed to determine particle-
size distribution, following 1SO 1127:2020 (E). The
percentages of sand, silt, and clay obtained from the
granulometric analysis were subsequently used to classify
sediment texture using the soil texture triangle, as illustrated
in Figure 3. Gravimetric analysis was used to quantify
sediment mass with reference to SNI 06-69398-2004. River
discharge measurements were conducted based on SNI 03-
2414-1991, which provides guidance for measuring discharge
in open channels. Acid digestion was conducted according to
SNI 8910:2021 to ensure optimal extraction of heavy metals
from the samples. Heavy-metal concentrations in the
sediments were then determined using the procedures outlined
in SNI 06-6992.3-2004 to evaluate the level of heavy-metal
contamination in sediment media.

Sand (%)

Figure 3. Classification of sediment types using a triangular
diagram
Source: Modified from research [19].



2.4 Sediment transport calculation

Sediment transport analysis in this study focused on both
suspended load and bed load using established empirical
formulations [20, 21]. The suspended sediment transport rate
was calculated using Eq. (1), which incorporates key hydraulic
and sediment parameters, including flow velocity, sediment
density, median grain size, and bed shear stress. This
formulation reflects the balance between hydrodynamic forces
that promote sediment movement and gravitational forces that
resist particle suspension.

1

2 3

Dsg y [ Ty ]7
(s — ¥)Dso

a(5-1)

In this equation, g, represents the suspended sediment
transport rate (ton/day), which is controlled primarily by flow
velocity (v), sediment density (y,), and median diameter of
sediment particles (Dgo). The parameter y denotes water
density, while g represents gravitational acceleration. Bed
shear stress (t,), which governs sediment entrainment, was
calculated using Eq. (2):

(1)

Qsw = 0.05 X ¥ X 1% X

To=yXhXS 2)

Here, bed shear stress (z,) is influenced by water density
(), flow depth (h), and channel slope (S), indicating that
deeper flows and steeper gradients enhance sediment
mobilization.

Bed-load transport was estimated using Eq. (3), which
relates sediment movement along the riverbed to discharge
and channel characteristics:

3

2 2
qp = (39.5 X Q3 xS %995 X d) &)

In this formulation, g, denotes the bed-load transport rate
(ton/day), which is primarily governed by river discharge (Q),
channel slope (S), and representative sediment grain size (d).
Higher discharge increases the capacity of the flow to transport
sediment along the bed.

The empirical formulas used in this study were selected
because they are widely applied to lowland river systems due
to their simplicity and minimal data requirements. However,
these formulations were originally developed for non-tidal,
unidirectional flow conditions. Therefore, their application in
estuarine environments, where tidal influences may affect
flow direction and velocity, requires careful interpretation.
The results presented in this study should therefore be
regarded as estimates rather than absolute measured values
because they were not verified against direct field
measurements of sediment transport.

River discharge measurements were conducted to support
sediment transport calculations by determining flow velocity
and cross-sectional characteristics during each sampling
event. Flow velocity was measured using a flow meter, while
discharge was calculated as the product of flow velocity and
wetted cross-sectional area, following SNI 03-2414-1991 [22].
The wetted cross-sectional area was obtained by dividing the
river into multiple segments to account for spatial variability
in depth and width, and by summing the section areas of all
segments.
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Flow velocity at each vertical was determined using
standard point-measurement techniques depending on flow
depth, ensuring a representative velocity distribution across
the cross-section. This segmented approach allows for a more
accurate estimation of discharge by capturing variations in
flow conditions within the river channel. Overall, the
integration of field measurements and empirical formulations
provides a reliable basis for evaluating sediment transport
dynamics under natural flow conditions.

2.5 Heavy metal analysis

Heavy-metal analysis in this study was conducted using a
combination of SNI standards and the EPA 2002 method. The
procedure began with wet digestion using an acid mixture to
extract metals from sediment samples. Approximately 2-5 g of
a representative sample was placed in a digestion vessel,
followed by the addition of 3 mL nitric acid (HNOs, 65%) and
9 mL hydrochloric acid (HCI, 37%). The mixture was then
heated at 120 °C to ensure complete decomposition of the
sediment matrix and release bound metals into solution. After
cooling, the digested sample was filtered using 2.5 um filter
paper to remove residual particulates. The filtrate was
subsequently transferred into a 50 mL volumetric flask and
diluted with deionized water to achieve a consistent final
volume.

Pb concentrations in the samples were determined using
Atomic Absorption Spectrophotometry (AAS) with a Buck
Scientific 210 VGP instrument (USA). Background correction
and matrix modification were applied to improve analytical
accuracy. A blank solution containing the same acid
composition as the digested samples, namely HCI and HNOs
diluted to 50 mL, was used to stabilize the baseline.
Absorbance measurements were performed at wavelengths of
283.3 nm and 217 nm, with final calibration conducted at 217
nm. To prevent cross-contamination, the aspirator was cleaned
between sample measurements. A calibration curve was
established using standard solutions, ensuring a correlation
coefficient greater than 0.995 to maintain analytical reliability.

Quality assurance and quality control (QA/QC) procedures
were applied to ensure analytical reliability. The method
detection limit (MDL) and method quantification limit (MQL)
for Pb were determined at 0.05 mg/kg and 0.15 mg/kg,
respectively. Certified reference material (CRM), namely
NIST SRM 2702 Marine Sediment, was analyzed with each
batch to verify accuracy, with recoveries ranging from 92% to
107%. All samples were analyzed in duplicate, and the relative
standard deviation (RSD) was maintained below 5%. Blank
solutions and calibration standards were analyzed every 10
samples to correct for instrument drift. [ron (Fe) was measured
independently for each sediment sample using the same AAS
method to enable Enrichment Factor (EF) calculations.

The level of sediment contamination was evaluated using
the lgeo, Which assesses the degree of heavy-metal
accumulation relative to background concentrations [23]. In
this study, a background value of 0.4 mg/kg was used as the
reference [24]. The lgo value was calculated using Eq. (4):

Cx
Igeo = log, [1-5Cb] “4)
In this equation, Iy, represents the Geoaccumulation

Index, which indicates the level of sediment contamination. C,
refers to the measured concentration of heavy metals in



sediment (mg/kg), while C,, denotes the natural background
concentration (mg/kg). The constant factor of 1.5 is introduced
to account for natural variations in background values due to
lithogenic effects. Based on the calculated lgo Values,
contamination levels are classified into categories ranging
from uncontaminated to extremely contaminated.

The level of sediment contamination at each sampling
location was evaluated using the lgeo, with classifications based
on the criteria presented in Table 1 [25, 26].

Table 1. Classification of Geoaccumulation Index (lgeo)
values [27]

lgeo Value Classification

lgeo > 5 Extremely contaminated
4<lgeo<5 Heavily to extremely contaminated
3<lgeo<4 Heavily contaminated
2<lgeo <3 Moderately to heavily contaminated
1<lgeo<2 Moderately contaminated
0<lgeo<1 Uncontaminated to moderately contaminated

<0 Uncontaminated

Anthropogenic contributions to heavy-metal concentrations
in sediments were further assessed using the EF [27]. EF
quantifies the degree of metal enrichment relative to natural
background levels by normalizing the concentration of the
target element against a conservative reference element. In this
study, iron (Fe) was used as the reference element, with a
measured concentration of 26.308 mg/kg and a background
value of 56.3 mg/kg. EF was calculated using Eq. (5) [28]:

G
Cref

) backgkround

) sample
EF =

)

(5
Bref

In this equation, EF represents the Enrichment Factor,
indicating the extent of anthropogenic influence. C; refers to
the concentration of the target metal in the sample, while C,..,
denotes the concentration of the reference element (Fe) in the
sample. Similarly, B; and B,.r represent the background
concentrations of the target metal and the reference element,
respectively.

EF values were classified into seven categories, as
summarized in Table 2.

Table 2. Classification of Enrichment Factor (EF) value [29]

EF Value Classification
EF <1 No enrichment
1<EF<3 Minor enrichment
3<EF<5 Moderate enrichment
5<EF<10 Moderately severe enrichment
10 <EF <25 Severe enrichment
25 <EF <50 Very severe enrichment
EF > 50 Extremely severe enrichment

In addition, the C; was used to evaluate the degree of
contamination associated with specific heavy metals [29]. A
background value of 20 mg/kg was applied in this analysis. Cs
was calculated using Eq. (6):

(6)

Here, C; represents the Contamination Factor, which
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reflects the level of contamination relative to background
conditions. C; denotes the measured concentration of the
heavy metal in sediment (mg/kg), while B; corresponds to its
background concentration (mg/kg).

3. RESULTS
3.1 Sediment characterization

The study area at the Banjir Kanal Timur estuary is located
adjacent to densely populated residential areas, fish auction
facilities, and small-scale food businesses. In comparison, the
Lamper River, which functions as a tributary, is characterized
by high residential density and the direct discharge of domestic
wastewater into the river system.

Sediment Fraction (%)

Station

Figure 4. Percentage of sediment fractions
Note: The relatively high clay fraction observed at E2 in July (20.21%) and
the low clay fraction at E3 in August (0.76%) indicate temporal variations in
fine sediment deposition among sampling stations. Potential uncertainty
related to particle separation during sieving is also considered because
particles smaller than 0.063 mm may not have been fully retained. The
numbers after each sampling site (1, 2, and 3) denote the sampling months: 1
= June, 2 = July, and 3 = August.

Figure 4 shows that sediment composition varied among
the sampling stations and periods. Overall, sand was the
dominant sediment fraction at most stations, ranging from
38.51% to 61.20%, while silt ranged from 31.29% to
approximately 59.50% and clay ranged from 0.76% to
20.21%. The highest silt content was observed at E3 in August,
exceeding the previously reported maximum value of 41.28%.
Temporal variations were evident at E2 and E3, where several
sampling periods showed an increase in silt content
accompanied by a decrease in the sand fraction. The
predominance of sand at most stations suggests that the local
hydrodynamic conditions were sufficient to transport and
deposit relatively coarse sediment particles. In contrast, the
higher silt proportions observed at several E2 and E3 samples
may indicate lower-energy conditions that facilitated the
deposition of finer particles. Clay was the least abundant
fraction at nearly all stations, with the highest clay content
recorded at E2 in July (20.21%). Potential uncertainty
associated with the separation of fine particles during sieving
and recovery should be considered when interpreting
variations in the clay fraction. Overall, sediment composition
exhibited both spatial and temporal variability over the three-
month sampling period. Sand was consistently the dominant
fraction at stations E1 and, in most sampling periods, at L1—



L3, whereas E2 and E3 showed a progressive reduction in sand
content accompanied by an increase in silt, indicating a shift

toward finer sediment deposition.

Table 3. Bed-load sediment transport from June to August 2024

No. Month Station Latitude Longitude River Width (m)  Discharge (m%/s)  Dso (mm) q» (ton/day)
1 June Estuary 1 6°57'6.81"S  110°26'25.48"E 49.7 1.471 0.058 5.83 x 107
2 June Estuary 2 6°57'6.63"S  110°26'25.06"E 49.7 1.471 0.062 6.45 x10°¢
3 June Estuary 3 6°57'6.44"S  110°26'24.60"E 49.7 1.471 0.053 5.17 x 107
4 June Lamper River ~ 7°00'6.48"S  110°26'39.20"E 12.02 0.482 0.057 1.85x 107
5 July Estuary 1 6°57'6.81"S  110°26'25.48"E 49.21 1.180 0.055 4.36 % 10°°
6 July Estuary 2 6°57'6.63"S  110°26'25.06"E 49.21 1.180 0.051 3.81 x 106
7 July Estuary 3 6°57'6.44"S  110°26'24.60"E 49.21 1.180 0.074 6.78 x 10
8 July Lamper River ~ 7°00'6.48"S ~ 110°26'39.20"E 11.9 0.487 0.055 1.79 x 10
9  August Estuary 1 6°57'6.81"S  110°26'25.48"E 49.88 0.826 0.054 2.91 x 10
10 August Estuary 2 6°57'6.63"S  110°26'25.06"E 49.88 0.826 0.051 2.69 x 10
11 August Estuary 3 6°57'6.44"S  110°26'24.60"E 49.88 0.826 0.052 2.81 x 10°
12 August Lamper River  7°00'6.48"S ~ 110°26'39.20"E 11.5 0.432 0.052 1.44 x 10°

Note: Dsy = Median diameter of sediment particles (mm); the grain size at which 50% of the sediment sample (by weight) is smaller than this value. ¢,: Bed-load
transport rate.

The absence or low proportion of clay in samples from
stations E2 and E3 was likely influenced by methodological
limitations during the sieving process. The smallest mesh size
used in this study (0.063 mm) may not have effectively
retained finer clay particles, allowing them to pass through
undetected. According to the Wentworth classification, clay
particles are defined as having diameters smaller than 0.063
mm, which explains their potential loss during analysis.

Temporal variations in sediment composition reflect
dynamic river conditions and are essential for understanding
sediment transport processes and their ecological implications.
Based on the Shepard triangular classification, sediments from
the Lamper River and Estuary 1 were predominantly classified
as sand or sandy loam, indicating a high sand content with
relatively low proportions of silt and clay. Minor variations in
silt and clay fractions were likely influenced by localized
changes in flow conditions or sediment sources. Sediment
particle-size analysis was conducted sequentially, with coarse
fractions separated using a series of sieves of varying mesh
sizes. Dried samples were processed using a sieve shaker,
allowing finer particles to accumulate in the lower sieves. The
finer fractions, including silt and clay, were further analyzed
using the pipette method, with sampling time determined
based on Stokes’ law, which accounts for particle settling
velocity as a function of size and density [30, 31].

3.2 Sediment transport

River discharge measurements were conducted at upstream
locations before the estuarine zone to minimize the influence
of tidal fluctuations and turbulence commonly present in
estuarine environments [31]. Consistent discharge values were
assumed across the estuarine sampling points based on the
horizontal alignment of the stations, the absence of additional
inflows or tributaries between locations, and the relatively
uniform river morphology characterized by a gentle slope.
This approach is consistent with previous studies that use
representative discharge measurements for spatial analysis of
sediment dynamics [32, 33]. Channel slope was estimated
using elevation data derived from satellite imagery, while flow
length was measured using Google Earth Pro. The elevation
characteristics of the study reach and the identified tidal type
are summarized in Table 4, providing the basis for the
hydraulic assumptions adopted in this study. The relatively
low flow velocity and gentle river gradient supported the
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assumption of a constant slope along the study reach. A slope
value of 0.011 (1.1%) in the Banjir Kanal Timur River
indicates a mild to moderate gradient typical of transitional
zones between upstream and coastal areas. This condition
facilitates bed-load transport while maintaining relatively
stable flow conditions.

In June, bed-load transport calculations based on a modified
Meyer-Peter MUler empirical formulation revealed spatial
variability across sampling locations. The highest bed-load
transport occurred at Estuary 2 (6.45 x 107¢ ton/day), followed
by Estuary 1, while Estuary 3 exhibited slightly lower values
despite similar hydrodynamic conditions. The Lamper station
consistently showed the lowest transport rate, which can be
attributed to its distinct morphological characteristics,
including a narrower channel width (12.02 m) and lower
discharge (0.482 m3s), compared with the estuarine stations,
which had wider channels of approximately 49.7 m and higher
discharge of 1.471 m3. These findings highlight the influence
of channel geometry and flow conditions on sediment
transport capacity.

In July, monitoring results demonstrated notable spatial
variation among observation stations. The highest transport
rate was recorded at Estuary 3, which is located downstream
near artificial infrastructure. Although Estuaries 1 and 2
exhibited similar channel widths (49.21 m) and discharge
values, their transport rates differed, indicating the strong
influence of local conditions. Estuary 1 exhibited lower
transport rates, which may be associated with local hydraulic
conditions and the presence of riparian vegetation that
increases flow resistance and promotes sediment stabilization.
Estuary 2, located in the deepest and central section of the
channel, showed relatively stable hydraulic conditions with
limited bed-load movement. In contrast, Estuary 3 functioned
as an active deposition zone influenced by nearby
infrastructure, resulting in higher transport rates due to
sediment accumulation. The Lamper station consistently
showed the lowest transport rates, reinforcing the strong
relationship  between sediment transport and local
hydrodynamic conditions.

During August, lower flow conditions associated with the
dry season reduced the river’s sediment transport capacity. As
shown in Table 3, Estuary 1 recorded the highest bed-load
transport rate (2.91 x 10°¢ ton/day), followed by Estuary 3
(2.81 x 107 ton/day) and Estuary 2 (2.69 x 10°¢ ton/day),
while the Lamper River exhibited the lowest rate (1.44 x 10°¢



ton/day). These variations were associated with differences in
discharge, river width, and median diameter of sediment
particles (Dso) among the sampling stations. The TSS
concentration, water depth, and flow velocity obtained from
field measurements were used as supporting parameters to
characterize the hydrological and sediment conditions at each
station.

For bed-load transport, the highest transport rate varied
among the sampling stations and months. Estuary 2 exhibited
the highest rate in June, reaching 6.45 x 10°¢ ton/day, while
Estuary 3 recorded the highest rate in July at 6.78 x 10°¢
ton/day. In August, Estuary 1 showed the highest bed-load
transport rate at 2.91 x 10°¢ ton/day. In contrast, the Lamper
River consistently exhibited the lowest bed-load transport
rates, ranging from 1.44 x 107° to 1.85 x 107 ton/day. These

values were calculated from the discharge, river width, and D5
presented in Table 3.

Variations in sediment transport across locations indicate
that water depth and TSS concentration are key controlling
factors in suspended sediment dynamics. These findings are
consistent with previous studies [34], which highlight the
influence of discharge, initial sediment concentration, water
depth, and flow characteristics on sediment transport
processes. Sediment accumulation in estuarine areas can alter
channel morphology, reduce water depth, and negatively
affect aquatic ecosystems through habitat degradation and
disruption of natural flow patterns. Although flow velocity
varied among stations, its influence appeared less dominant
than TSS concentration in determining transport capacity.

Table 4. Tidal type and elevation data

Date HHWL (cm) MHWL (cm) MSL (cm) MLWL (cm) LLWL (cm) Tidal Type
June 24 228.37 101.84 72.75 21.23 Diurnal
July 24 202.69 91.84 66.92 17.26 Diurnal

August 24 265.60 80.59 55.94 16.28 Diurnal

Note: Highest High Water Level = HHWL; Mean High Water Level = MHWL; Mean Sea Level = MSL; Mean Low Water Level = MLWL; Lowest Low Water
Level = LLWL.

To support the interpretation of sediment transport
dynamics, tidal data from June to August were obtained from
BMKG Semarang and I0C Sea Level Monitoring (Table 4).
Hourly observations over a 30-day period were analyzed using
the Admiralty method to determine tidal range and mean sea
level. The results indicate an average sea level of 78.31 c¢cm,
with a diurnal tidal pattern characterized by one high tide and
one low tide per day. These findings are consistent with
previous studies [35, 36], confirming the diurnal tidal regime
in Semarang waters. Data collection was conducted during
low-tide conditions to minimize tidal interference with
sediment transport measurements. The incorporation of tidal
information enhances the interpretation of hydrodynamic
conditions while supporting the reliability of sediment
transport estimates, as indicated in previous research [37, 38].

3.3 Heavy metal content in sediment

The concentration of heavy metals in sediment samples was
determined using Flame AAS. The Pb analysis results
presented in Figure 5 show that concentrations ranged from
15.09 to 21.91 mg/kg, indicating the presence of lead
contamination in both the Banjir Kanal Timur estuarine
system and the Lamper River. Spatial and temporal variations
in Pb concentration were observed across sampling locations.
As summarized in Table 5, the highest Pb concentration was
recorded at Estuary 3 in August (21.91 mg/kg), suggesting that
this area received the greatest pollutant input compared with
other locations. In contrast, the lowest concentration was
observed at Estuary 1 in July (15.09 mg/kg).

Based on the Canadian Sediment Quality Guidelines, all
measured Pb concentrations were below the Threshold Effect
Level (TEL), indicating a relatively low probability of
immediate biological effects. However, these guidelines,
although widely applied in both freshwater and marine
environments, may have limitations when applied to
transitional systems because of differences in natural
background conditions [39, 40]. Therefore, for brackish
environments such as estuaries, additional indices are required
to better capture anthropogenic influences on sediment

quality. In this study, the Canadian Freshwater Sediment
Quality Guidelines were applied to the Lamper River, while
the Canadian Marine Sediment Quality Guidelines were used
for estuarine locations because of the absence of specific
criteria for brackish systems.
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Figure 5. Heavy-metal concentrations
Note: The numbers after each sampling site (1, 2, and 3) denote the sampling
months: 1 = June, 2 = July, and 3 = August.

Table 5. Heavy-metal (Pb) test results in sediment

No. Location Result (mg/kg) Standard
1 Lamper River 20.39 35%
2 Estuary 1(1) 16.88
3 Estuary 2(1) 17.81
4 Estuary 3(1) 21.67
5 Estuary 1(2) 15.09
6 Estuary 2(2) 15.98 30.2%*
7 Estuary 3(2) 18.79
8 Estuary 1(3) 20.78
9 Estuary 2(3) 16.56
10 Estuary 3(3) 21.91

Note: *: TEL: Threshold Effect Level, Canadian Freshwater Sediment
Guidelines. **: TEL: Threshold Effect Level, Canadian Marine Sediment
Quality Guidelines. The numbers after each sampling site (1, 2, and 3)



denote the sampling months: 1 = June, 2 = July, and 3 = August.
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Figure 6. Geoaccumulation Index (lgeo) values
Note: The numbers after each sampling site (1, 2, and 3) denote the sampling
months: | = June, 2 = July, and 3 = August.
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Figure 7. Contamination Factor (Cr) values
Note: The numbers after each sampling site (1, 2, and 3) denote the sampling
months: 1 = June, 2 = July, and 3 = August.
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Figure 8. Enrichment Factor (EF) values
Note: The numbers after each sampling site (1, 2, and 3) denote the sampling
months: 1 = June, 2 = July, and 3 = August.

The Igeo values presented in Figure 6 ranged from 4.65 to
5.19. According to the standard classification, these values fall
within the “heavily to extremely contaminated” category,
indicating substantial Pb accumulation in sediments. The
average lgeo value of 4.942 confirms substantial Pb
accumulation. However, samples with lge values >5, such as
several samples from E3, fall into the “extremely

contaminated” category, while values between 4 and 5 are
classified as “heavily to extremely contaminated.” The
elevated lgo values are likely associated with continuous
anthropogenic inputs, including industrial discharges and
domestic waste, as well as hydrological processes such as
flooding that enhance pollutant transport and deposition. The
average lgeo value of 4.942 further confirms that the study area
is characterized by high contamination levels, which may
contribute to long-term ecological degradation and
deterioration of aquatic environmental quality.

Further assessment using the Cr and EF, as shown in Figure
7 and Figure 8, provides additional insight into contamination
sources and intensity. Cr values ranged from 0.755 to 1.096,
indicating low to moderate contamination levels, with values
greater than one reflecting moderate contamination.
Approximately four out of ten samples exhibited Cr values
exceeding one, suggesting that nearly half of the study area
experienced moderate Pb contamination. However, the overall
average Ci value of 0.93 indicates that the general
contamination level remains within the low to moderate range.
EF values ranged from 1.61 to 2.34, indicating minor
enrichment and suggesting a relatively limited contribution
from anthropogenic sources. Although some locations
exhibited slightly higher EF values, the overall results imply
that Pb contamination is influenced by human activities, likely
related to surrounding land-use patterns. Notably, Sample 10
from Estuary 3 showed the highest C; and EF values,
indicating localized contamination. Overall, EF results suggest
that although anthropogenic inputs are present, their spatial
extent across the study area remains relatively limited.

A comparison of Pb concentrations with other locations in
the Semarang coastal region (see Table 6) shows that Pb levels
in the Lamper River and estuarine stations (E1-E3) were
generally higher than those reported in areas such as the
Trimulyo Channel, Mangunharjo Channel, and the eastern
coast of Semarang [41, 42]. These values also exceed
concentrations observed in the Banjir Kanal Barat estuary
[43], although they remain slightly lower than the maximum
values reported in previous studies of the Banjir Kanal Timur
[44]. All measured concentrations remain below the sediment
quality guideline threshold of 35 mg/kg.

4. DISCUSSION
4.1 Sediment transport rates

Sediment transport rates exhibited distinct spatial and
temporal variations, influenced by a combination of physical
and hydraulic factors during the observation period. Key
controlling parameters include flow velocity, channel slope,
sediment particle-size distribution, channel geometry, and
tidal forcing. Flow velocity plays a fundamental role in
determining the capacity of a river to transport sediment,
particularly coarse materials such as sand. Steeper channel
slopes increase gravitational energy, thereby enhancing the
capacity of the flow to mobilize and transport sediment
particles [45, 46]. In addition, Dso serves as an indicator of
sediment stability, with coarser particles tending to resist
movement and finer particles being more easily entrained and
transported in suspension [45]. The interaction among these
factors governs sediment transport dynamics across different
locations.

Spatial variations were evident among the observation



stations. Station E3 consistently exhibited relatively higher
bed-load transport rates, which may be associated with nearby
concrete structures that potentially induce local flow
turbulence and promote sediment resuspension [47, 48]. In
contrast, Estuary 1 showed relatively low sediment mobility,
which may be influenced by local hydraulic conditions and
dense riparian vegetation that enhances sediment retention.
Vegetation along riverbanks likely contributes to flow
resistance, stabilizes the banks, and reduces flow velocity near
the margins, thereby enhancing sediment deposition [49].
However, field measurements of bed roughness and near-bank
velocity were not conducted; therefore, these explanations
should be considered qualitative inferences. This finding is
consistent with previous studies [45], which highlight the
significant role of riparian vegetation in regulating sediment
flux and stabilizing fluvial systems.

Tidal dynamics further increase the complexity of sediment
transport processes in estuarine environments. The study area
experiences a diurnal tidal regime, resulting in periodic
changes in flow direction and velocity. During flood-tide
conditions, reduced flow velocity promotes sediment
deposition, whereas during ebb flow, increased flow velocity
facilitates downstream sediment transport [50]. This pattern
was particularly evident at observation stations 2 and 3. In
contrast, the Lamper station, located outside the tidal influence
zone, exhibited relatively stable and lower sediment transport
rates due to unidirectional flow conditions.

These findings are consistent with previous studies
conducted in urban river systems [51], which demonstrate that
anthropogenic modifications, such as impermeable surfaces
and engineered structures, significantly influence sediment
transport processes. Seasonal variability also plays an
important role, as highlighted by Patriadi et al. [52], who
reported that sediment transport is affected by changes in
hydrological conditions and geomorphological characteristics,
including slope and vegetation distribution. In this study, dry-
season conditions likely enhanced the relative influence of
channel morphology and sediment sources, resulting in
observable variations in sediment transport across the study
area.

4.2 Heavy metal concentration

The concentration of heavy metals in sediment samples in
this study is represented by lead (Pb) levels. Based on Table 7,
Pb concentrations measured in the Banjir Kanal Timur River
and the Lamper River were generally higher than those
reported for several other locations. Although these
concentrations remain below the TEL, further evaluation using
the lgeo, EF, and Cs indicates that anthropogenic activities
continue to influence sediment quality. The highest Pb
concentration was recorded at Estuary 3 in August, suggesting
localized pollutant accumulation. This elevated concentration
may be associated with increased land-based activities during
the dry season, when reduced river discharge limits the
capacity of the water body to dilute contaminants, thereby
promoting pollutant accumulation over time.

Sediment characteristics also play a significant role in
controlling Pb distribution. Fine-grained particles, particularly
silt and clay, have a greater capacity to adsorb heavy metals,
resulting in higher Pb concentrations under conditions of
elevated TSS [53]. In addition, tidal currents influence the
transport and redistribution of suspended particles, thereby
affecting Pb distribution patterns within the estuarine system
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[54]. Local infrastructure, including drainage networks and
embankments, further contributes to pollutant dynamics by
altering runoff pathways and facilitating the mixing of point
and non-point pollution sources.

A notable discrepancy was observed between high Iy,
values (4.65-5.19) and moderate C; values (0.755-1.096).
This discrepancy is primarily attributable to the different
background values applied. I,., uses a conservative local
baseline background of 0.4 mg/kg [24, 55], employs a
logarithmic scale, and incorporates a correction factor of 1.5
to account for natural lithogenic variations, thereby yielding
elevated values. In contrast, C; is calculated as a simple ratio
against the global average baseline of 20 mg/kg reported by
Wedepohl [56], producing more conservative estimates.
Consequently, I;., indicates “heavily to extremely
contaminated” conditions, whereas Cy suggests only low to
moderate contamination.

Table 6. Comparison of Pb concentrations from the
Semarang coastal area and surrounding locations

No. Location Concel:llt)ration Unit  Reference
(mg/kg)
: Ban%'ii;llii‘nal 1509-21.91  mg/kg This study
2 Lamper River 17.50-20.39 mg/kg  This study
3 Baf%iiin If;mal 1430-31.35  ppm [44]
4 Tarﬂl;frll;éolz/[as 0.67-0.73 mg/kg [57]
s M&ggtzlflv}vlz;jo 0.220-0.280  mgkg  [57]
6 ]]33:rnajti§5 I:;i?; 4.14-13.93 ppm [43]
; \1}22‘%‘; 0.030-596  mgkg  [41]
o M\i?agtszhzgo 0.030-3.69  mgkg  [41]
9 Semacreolzsgt Bast 0030623  mgkg  [42]

The primary sources of Pb contamination in the study area
are associated with industrial activities and urban
development, particularly automotive-related operations,
informal metal processing, and small-scale manufacturing.
Additional contributions may arise from vehicle brake wear,
tire residues, and the recycling of batteries and electronic
waste. Previous studies have shown that metal pollution in
similar environments often originates from multiple sources,
including natural, traffic-related, industrial, and mixed
contributions [58]. Isotopic analyses further indicate that Pb
contamination may be dominated by natural sources and coal
combustion, with a smaller contribution from traffic emissions
[59].

A comparison of Pb concentrations with other locations in
the Semarang coastal region (see Table 7) shows that Pb levels
in the Lamper River and estuarine stations (E1-E3) were
generally higher than those reported in areas such as the
Trimulyo Channel, Mangunharjo Channel, and the eastern
coast of Semarang [56, 57]. These values also exceed
concentrations observed in the Banjir Kanal Barat estuary
[55], although they remain slightly lower than the maximum
values reported in previous studies of the Banjir Kanal Timur
[53]. Furthermore, Pb concentrations in sediments were



significantly higher than those reported in biota, such as Perna
viridis from Tanjung Mas Harbor and surrounding waterways
[54]. Despite these differences, all measured concentrations
remain below the sediment quality guideline threshold of 35
mg/kg.

The apparent discrepancy between high lge, values (4.652—
5.190) and relatively low to moderate Cs values (0.755-1.096)
can be attributed to differences in calculation approaches and
reference baselines. The lge, index employs a logarithmic scale
and incorporates a correction factor, typically 1.5, to account
for natural geochemical variability, which tends to produce
higher values. In addition, the choice of background
concentration significantly influences the results. This study
uses a relatively low baseline value of 0.4 mg/kg [58],
compared with the global average of 20 mg/kg [59], resulting
in elevated lgeo Values. In contrast, Cy is calculated as a simple
ratio between measured and background concentrations,
producing more conservative estimates. Consequently, lgeo
indicates “heavily to extremely contaminated” conditions,
whereas Cs suggests only moderate contamination.

The EF values obtained in this study (1.61-2.34) indicate
minor to moderate enrichment, suggesting a measurable but
not dominant contribution from anthropogenic sources.
Because EF values are independent of absolute background
values, they confirm that anthropogenic inputs are present but
relatively limited. The highest EF value was observed at
Estuary 3, which is located near industrial and automotive-
related activities, supporting the interpretation of localized
human influence. In contrast, lower EF values at Estuary 1
may reflect the mitigating effect of riparian vegetation and
reduced pollutant input from upstream areas. Therefore, the
combined interpretation of all three indices suggests that the
study area is best characterized as experiencing low to
moderate Pb contamination with localized anthropogenic
pressure, rather than the “extremely contaminated” category
implied by lgeo alone.

Potential sources of Pb contamination in the study area may
be associated with surrounding land-use activities, including
automotive workshops, small-scale metal industries, and
domestic runoff. However, because no source-apportionment
analysis, such as isotope analysis, detailed land-use inventory,
or discharge survey, was conducted in this study, these
attributions should be considered possible sources based on
typical urban pollution patterns rather than definitive
conclusions.

Overall, Pb concentrations in the Banjir Kanal Timur and
Lamper River are consistent with other reports from Java,
although they are lower than concentrations reported in
heavily polluted sites such as Tirang Beach (49.16 mg/kg) and
the Citarum River, where concentrations reach up to 80 mg/kg.
Conversely, significantly lower Pb levels have been reported
in less impacted areas such as the Madura Strait (0.12-2.01
mg/kg), reflecting minimal anthropogenic influence [58].
Based on the combined interpretation of Cy, lgeo, and EF values,
the study area can be classified as experiencing moderate
pollution with notable anthropogenic pressure.

Urban water bodies in Semarang tend to exhibit elevated Pb
concentrations due to intensive land use and urban runoff,
consistent with patterns observed in other Indonesian urban
systems. In contrast, offshore environments typically show
lower Pb concentrations due to dilution by seawater, sediment
deposition in low-energy zones, and geochemical processes
such as oxidation and complexation [60]. Tidal processes also
contribute to the redistribution of metals across wider areas,
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leading to localized decreases in concentration, as observed in
Jakarta Bay [61]. A similar mechanism is likely present in the
Banjir Kanal Timur estuary, where sediments act as temporary
sinks for heavy metals before their eventual transport to
marine environments.

5. CONCLUSION

Spatial and temporal variations in sediment transport within
the Banjir Kanal Timur River are primarily controlled by river
discharge, sediment grain size, channel morphology, and tidal
dynamics. The highest bed-load transport was observed at
Estuary 3 in July (6.78 % 107° tons/day), likely influenced by
the presence of concrete infrastructure that may enhance flow
turbulence and sediment remobilization. In contrast, the
highest suspended-load transport occurred at Estuary 2 (3.81
x 107 tons/day), which was associated with greater water
depth and sediment availability. The Lamper River
consistently exhibited the lowest transport rates due to its
narrower channel and lower discharge. Variations in
suspended sediment transport across locations and time further
demonstrate the complex interaction between hydrodynamic
conditions and sediment characteristics.

Pb concentrations in sediment samples ranged from 15.09
to 21.91 mg/kg across all sampling locations. Although these
values remain below the Canadian TEL (35 mg/kg), the lgeo
indicates conditions ranging from heavily to extremely
contaminated (4.65-5.19), largely influenced by the use of a
conservative background value (0.4 mg/kg). The Cy, ranging
from 0.755 to 1.096, suggests low to moderate contamination
levels, while EF values between 1.61 and 2.34 indicate minor
anthropogenic enrichment, particularly in estuarine areas.
Considering the combined indices, the study area is best
classified as experiencing moderate Pb contamination with
localized anthropogenic pressure.

Overall, the findings suggest that Pb contamination in the
study area is primarily associated with surrounding land-use
activities, including potential contributions from automotive
services, small-scale metal industries, and domestic runoff.
Compared with other regions in Semarang and across
Indonesia, the Banjir Kanal Timur estuary system can be
categorized as moderately affected by urban-derived heavy-
metal pollution.
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