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providing social and economic benefits to society. Second, establishing a Center of
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management.
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Abstract: Sulfide is a crucial parameter in volcanic lakes, as its levels and fluctuations in the lake determine
the origin of sulfide and the extent of its impact on the lake ecosystem. In stratified lakes, the sulfide produced
tends to be retained beneath the oxic layer. The sulfides rise towards the surface as the oxic layer thins
triggered by decreased water column thermal stratification. Meanwhile, the strength or weakness of thermal
stratification is greatly influenced by weather conditions. Lake Maninjau is a volcanic lake with a relatively
high sulfide content. Its vertical distribution in the water column is highly dependent on the stratification of
the water column. When stratification disappears, sulfide rises to the surface (locally known as tubo belerang)
and has a negative impact on surface biota. The objective of this study is to examine the distribution of
sulfides in the water column of Lake Maninjau under two different weather conditions. We perform two
surveys to measure physicochemical parameters and sulfide concentration on 26-29 November 2022 and
25-26 August 2023 considering the seasonal pattern. We found that air temperatures and sunshine duration
combined with precipitation and wind speed drive the thermal stratification of the water column. The lower
air temperature, shorter sunshine duration, higher precipitation, and stronger wind speed in the first survey
(west monsoon) compared with the second survey (east monsoon) resulted in lower stratification and
triggered the elevated sulfide to the surface. In the middle of the lake, the surface sulfide measured during
the first survey was 4.16 pg/L. Meanwhile, in the second survey, it was only observed at 1.16 pg/L. The
distribution of sulfides within the water column of Lake Maninjau is regulated by the stratification of the water
column, a process directly impacted by weather conditions.

Keywords: Lake Maninjau, thermal stratification, Sulfide concentration, air temperature, rainfall
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1. Introduction

Sulfide is a foul-smelling gas that is toxic originate from acidic gases emanating from
to aquatic life ( Boyd, 2014; Piranti et al, channels connected to the magma system
2018). In active volcanic lakes, sulfide can (Aguilera et al., 2000). However, in dormant
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volcanic lakes, sulfide arises from sulfate
reduction processes and the decomposition of
organic matter (Henny, 2009; Dunnette et al.,
1985). Sulfide in a lake plays a crucial role in
the dynamics of nutrients, metals, and
dissolved oxygen (DO) in the water column
(Jasalesmana et al, 2023; Henny &
Nomosatryo, 2012). Concerning DO, sulfide can
reduce the oxic layer at the lake surface and
may even eliminate the oxic layer if the DO
content in that layer cannot counterbalance the
amount of sulfide (Henny, 2009). This condition
poses a threat to aquatic organisms because,
in addition to the lack of oxygen for respiration,
the existing sulfide becomes toxic to the biota.

Studies on the fluctuations of sulfide
concentrations (Wardhani & Sugiarti, 2022; Riki
Saputra et al., 2017; Sagala & Radiarta, 2012;
Handayani et al, 2011) and their impact on
nutrient dynamics (Henny & Nomosatryo,
2012) in various freshwater in Indonesia have
been widely conducted. Similarly, the
consequences of sulfide rising to the surface,
leading to fish mortality, have been explored.
However, there is limited research specifically
examining the physical factors that drive the
upward movement of sulfide in lakes. This
study provides crucial information about the
relationship between climatology and sulfide
dynamics in the case of Lake Maninjau.

Lake Maninjau is located in Agam Regency,
West Sumatra. This lake was formed due to a
volcanic eruption around 52000 years ago
(Alloway et al., 2004; Pribadi et al., 2007). This
lake has several functions: tourism activities,
fisheries, aquaculture, and hydroelectric power
generation (PLTA). However, deteriorating
water quality has caused the tourism sector to
become unpopular. The decline in water quality
is characterized by frequent eutrophication and
the rise of sulfide from the bottom to the
surface resulting in the death of fish in Floating
Net Cages (FNC). From 1997 to 2019, losses
due to fish deaths reached Rp.
212,175,000,000 (Makmur et al., 2020).

As a volcanic lake, volcanic activity may
contribute to sulfide production in Lake
Maninjau. However, a previous study reported
that sulfide in Lake Maninjau was produced
from the sulfate reduction process by sulfate-
reducing bacteria (Henny, 2009). The speed of
sulfate reduction to sulfide depends on organic

carbon, inorganic carbon, or hydrogen as an
electron donor and sulfate as an electron
acceptor (Henny, 2009). Therefore, increased
organic matter from KJA activity has triggered
increased sulfide concentrations in Lake
Maninjau (Henny & Nomosatryo, 2012, 2016;
Henny, 2009). The resulting sulfide will
accumulate in the anoxic base layer. Sulfides
can rise to the surface, but when they meet the
oxic layer, the sulfides are immediately oxidized
back to sulfate, potentially depleting the
oxygen in the layer (Dunnette et a/., 1985).

The distribution of sulfides in the water
column is highly dependent on the stratification
of the water column, which is directly
influenced by weather conditions (Henny,
2009). Stratification inhibits the mixing process
between molecules in the hypolimnion and
epilimnion layers (Elci, 2016). Consequently,
this causes the accumulation of molecules
produced in the hypolimnion layer, including
sulfide, carbon dioxide, and ammonia (Shi et
al., 2021; Kusakabe et al, 2008). However
when strong winds and air temperature
decrease, the stratification of the column
disappears, causing sulfides and other
molecules to rise to the surface (Katsev et al.,
2010; Santoso et al., 2018; Fukushima et al.,
2017, 2021).

Previous studies of sulfide distribution in
the water column of Lake Maninjau have not
linked it directly to weather conditions (Henny
& Nomosatryo, 2012, 2016; Henny, 2009).
Therefore, this study aims to examine the
distribution of sulfides in the water column of
Lake Maninjau under two different weather
conditions: high rainfall intensity and high light
intensity.

2. Materials and Methods
2.1. Sampling Location and Sulfide -

Analysis

The survey at Lake Maninjau was carried
out on 26 — 29 November 2022 and 25 - 26
August 2023 (hereafter we call it “Survey 1”
and “Survey 2") at seven (7) sampling points
(Figure 1). The selection of these two times will
represent weather conditions during rainfall
(west monsoon), (November 2022) and high
sunlight intensity (east monsoon), (August
2023). Temperature and dissolved oxygen
(DO) measurements in survey 1 were
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conducted using a CTD Rinko Profiler, while
survey 2 utilized a ProDO YSI© International.
Oxidation-reduction potential (ORP) and pH
were measured in both survey 1 and 2 using
HORIBA®U-52. Sulfide was measured from
water samples taken using a 5 L Niskin Bottle
water sampler from a depth of 0.5 m, 2 m, 10
m, 60 m and maximum depth on November
2022 and depth of 0.5 m, 2 m, 10 m, 60 m, and
maximum depth on August 2023. The
maximum depth varies based on sampling
point. Sulfide concentrations were analyzed
using the Methylene Blue Method (8131
Method) with the following stages (Manual,
2007): 1. Water samples are taken froma 5 L
Niskin Bottle water sampler using a 50 ml
syringe and filtered with a 0.45 pm filter. 2. The
water sample was quickly transferred to a 10
ml tube to which ZnAc had been added. 3. The
water sample is then added to reagents I and
II. 4. The sulfide concentration in the sample
was then measured using a DR3900 portable
spectrophotometer (Manual, 2007).
2.2. Meteorological Data

Air temperature, wind, sun duration (SD),
and rainfall on a daily scale were taken from
the Padang Panjang Geophysics Station (0° 27"
58.68" S, 100° 22' 46.92" E), which has been

published at
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2.3. Data Analysis

Relative Thermal Resistance to Mixing
(RTRM) is used to assess changes in the
stratification strength of the lake water column

RTRM
for

by

against weather
straightforward
stratification

changes.
approach
caused

is
quantifying
temperature

a

differences (Kunz & Wildman, 2019; Kortmann,
1981). RTRM is calculated with the equation:

density of upper layer—density of lower layer

RTRM =
density at 5°C—density at 4°C

Eq. 1

The water density (pr) of the water layer was
calculated from the average temperature (7) of
the water layer at each measurement point.
Water density is calculated by the equation (Ji,

2017):
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Figure 1.
Maninjau.

Sampling points at Lake
Lake Maninjau located in

Sumatra Island, Indonesia (red point).
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3. Results and discussion
3.1. Physicochemical Profile of Water
Column
The temperature profile of the water
column in survey 1 and survey 2 is shown in
Figure 2. The temperature profile of the water
column in survey 1 relatively looks
homogeneous. In contrast, in survey 2 appears
stratified, as indicated by the differences in
average temperature between the surface and

the bottom, with a higher value of 2,2 °C
compared to survey 1 is 1.16 °C. Based on the
two temperature profiles, the hypolimnion layer
of the water column in survey 2 starts from a
much deeper depth (29.7 m) compared to
survey 1 (1.28 m). The homogeneous
temperature profile structure in survey 1
indicates that the Lake Maninjau water column
experienced mixing at that time.
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Figure 2. Water column temperature profile in (A) Survey 1 and (B) Survey 2. T-ave is the
average temperature of the water column from each station.

The dissolved oxygen (DO) profile also
indicates mixing conditions in the water column
during survey 1. In survey 1, the water
column's DO profile exhibits homogeneity from
the surface to the bottom, with an average
surface DO concentration of 0.74 mg/L, and its
structure is similar to the temperature profile.
Conversely, in the second observation, the
water column displayed a high DO content,
with an average surface DO concentration of
7.64 mg/L. The anoxic layer in the first
observation, which was entirely in every layer
of the water column, shifted to a depth of 10 in
the second observation. This condition can be
caused by the production of oxygen from the
photosynthesis process by phytoplankton

taking place optimally and sulfide as an oxygen
reducer remaining in the bottom layer so that it
does not reduce the oxygen content at the
surface.

Fluctuations in the ups and downs of
oxygen levels in the surface layer of Lake
Maninjau can occur within a short time (up to
an hour scale). In fact (Santoso & Triwisesa,
2020) stated that DO deficiency in Lake
Maninjau could occur at any time, significantly
if the loading of organic matter from KIA
activities increases. However, in long-time
observations, the anoxic layer of Lake
Maninjau's water column tends to approach the
surface (Subehi et al., 2021; Fukushima et al.,
2017).
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Figure 3. DO profile of the Maninjau Lake water column A) Survey 1 and B) Survey 2. DO water
column in survey 1 appears to be homogeneous from the surface to the bottom with a low level.
This differs from the water column in survey 2, which has a high DO concentration in the epilimnion
layer.
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Figure 4. ORP profile of Lake Maninjau water column in (A) survey 1, (B) survey 2.
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The significant difference in DO levels in the
water column between the first and second
survey periods indicates two different redox
conditions. This can be seen from the ORP
profile in the water column. Figure 4. A shows
the ORP of the water column in the first survey
period, which is generally negative from the
surface to the bottom. In the second survey,
the average ORP is negative from a water
depth of 10 m (Fig. 4.B). A negative ORP
indicates that much oxygen is used for the
reduction process, so the oxygen content in the
water column decreases drastically. Based on
Figure 4.A it can be explained that each layer
of the water column in the first survey period is
in a reduced state, while the water column in
the second survey is in a reduced state starting
at a depth of 10 m.

3.2. Sulfide Distribution in Water Column

The physicochemical characteristics of the
lake, as demonstrated by the temperature,
dissolved oxygen (DO), and oxidation-
reduction potential (ORP) profiles in each
survey, have an impact on the sulfide profile in
the water column. The homogeneity in

temperature and DO throughout the water
column in survey 1 indicates the absence of
stratification, facilitating the movement of
various molecules and gases, including sulfides,
from the bottom to the surface. Figure 5
displays the distribution of sulfide in the water
column of Lake Maninjau during survey 1 and
survey 2. Based on Figure 5. A, sulfide in survey
1 is found at the surface with a concentration
of 4.16 pg/L, suggesting that sulfides can
rapidly rise to the surface due to the absence
of thermal stratification. The sulfide
concentration in the lake exceeded the class III
water quality (for aquaculture) standard set at
2.0 ug/L (Piranti et al., 2018). In contrast, as
depicted by the sulfide profile in survey 2
(Figure 5.B), the average sulfide concentration
on the surface is only 1.16 pg/L. However, the
sulfide concentration in the lower layers is
higher compared to the findings from survey 1.
By comparing the sulfide concentration at a
depth of 60 m, it can be seen that the sulfide
in the survey 2 is on average 6 times greater
than the sulfide in survey 1.
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Figure 5. Distribution of sulfide in the wate
survey 2. Small graphs provide snapshot of

The elevated sulfide levels in the lower
layer during survey 2 indicate that the
temperature stratification of the water column
during this survey restricted the upward
movement of sulfide from the bottom layer to

180 EDM3 ADM4 xDMS

r column of Lake Maninjau in (A) survey 1 and (B)
sulfide levels at the surface.

the surface. Simultaneously, the process of
sulfate reduction to sulfide by sulfate-reducing
bacteria persisted in the bottom layer, leading
to the accumulation of sulfide in these lower
layers. This is shown by the sulfide
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concentration in bottom layer during survey 2
was higher than in survey 1. In contrast, the
lower sulfide concentrations in the lower layer
during survey 1 resulted from the upward
movement of sulfide to the surface as thermal
stratification disappeared. Consequently, the
dynamics of water column stratification play a
crucial role in controlling the distribution of
sulfides in Lake Maninjau's water column.
3.3. The Effect of Weather on the Sulfide

Distribution

The lake's physical factor most significantly
influenced by meteorological parameters is
temperature. The temperature of the lake
water column will be strongly stratified when
the lake absorbs a large amount of heat energy
from the atmosphere. When the stratification of
the water column is strong, the lake water
column will be stable from the mixing process,
either through diffusion or convection (Read et
al., 2011).

Figure 6 shows the air temperature
taken from the Padang Panjang BMKG station
in 2022 and 2023. Visually, it can be seen that
the air temperature in November 2022 is
slightly lower than the air temperature in
August 2023 with average temperatures of
22.43 and 22.94 °C, respectively. Even though
the air temperature did not differ significantly,
the rainfall between the two observation
periods differed significantly. The average daily
rainfall in the first observation was 21.34 mm,
while in the second observation, it was 12.46
mm (Figure 7). Liu et al. (2020) reported that
rain can reduce the lake's surface temperature;
therefore, the decrease in lake surface
temperature in survey 1 was more drastic than
in survey 2. This will cause a temperature
difference between the surface layer (which is
usually warmer), and the bottom layer (which
is cooler) becomes smaller, and even the
temperature of the water column becomes
homogeneous.

Temp (°C)
23 24
| |

22
|

21

20

Maonth

Figure 6. The average air temperature in 2022 and 2023. The black line shows the average air
temperature in 2022, and the dotted blue line shows the average air temperature in 2023. The
air temperature in 2023 can be found on the website https://dataonline. bmkg.go.id/data_iklim

is only available until August.
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Figure 7. Daily rainfall in November 2022 (left) and August 2023 (right). In general, the average
rainfall in November 2022 is higher than August 2023.
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Apart from rainfall and air temperature,
wind, and solar radiation significantly influence
the regulation of water column stratification
(Santoso et al., 2018). Figure 8 illustrates the
maximum wind speed and sunshine duration
(SD) in November 2022 and August 2023.
While the average wind speed in November
2022 (v = 3.80 m/s) is not markedly different
from that in August 2023 (v = 3.90 m/s), the
figure reveals that the wind speed during

survey 1 was higher than in survey 2.
Conversely, the sunshine duration in November
2022 (1.07 hours) was lower than in August

2023 (SD = 4.41 hours). Therefore, the
combination of high rainfall, low air
temperature, high wind speed, and low

sunshine duration during survey 1 led to a
weakening of water column stratification, while
the opposite occurred in survey 2.
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Figure 8. Comparison of (A) Maximum wind speed and (B) sunshine duration in November 2022
and August 2023

The  differences in  meteorological
parameters between the first and second
observations impact the stratification of the
water column and, at the same time, impact the
distribution of sulfides in Lake Maninjau. The
sulfide detection on the surface in survey 1 was
caused by weakening stratification forces in the
water column due to low air temperatures and

high rainfall. This condition can be seen from
the RTRM profile of the water column in survey
1 (Figure 8.A). Based on Figure 9. A, the RTRM
value for the total water column in survey 1 was
36.39, while the RTRM for each water layer
varied between -0.16 — 5.60. The water column
RTRM in survey 1 was lower than survey 2,
which had a total RTRM of 77.50, with the


https://doi.org/10.55981/limnotek.2024.2203

Putri et al,,

LIMNOTEK Perairan Darat Tropis di Indonesia 2024 (1), 2; https://doi.org/10.55981/limnotek.2024.2203

RTRM of each layer varying in the range -0.13
—13.59 (Figure 9 B).

The RTRM in survey 1, which is lower than
that in survey 2, indicates that the water
column in survey 1 experienced mixing, while
the water column in survey 2 appeared
relatively more stable Visually it can also be
seen that the RTRM in survey 1 is zero in almost
every layer. Only the water column at a depth
of 0 - 1.2 m has an RTRM of more than 1.
Because the depth of RTRM > 0 is deeper than
the depth of the hypolimnion (29.7 m), as a
result, the epilimnion and hypolimnion layers in
survey 2 did not undergo mixing. The depth of

32 m to the bottom can be expressed as a
mixed hypolimnion layer, where reduction
reactions occur, with zero DO content and high
sulfides.

The lower RTRM in survey 1, compared to
survey 2, indicates that water column
stratification is strongly influenced by weather
conditions. The low RTRM of the water column
in survey 1 facilitated the rise of sulfide to the
surface. On the other hand, the high RTRM
water column in survey 2 prevents sulfide from
rising to the surface as a result it accumulates
in the hypolimnion layer, as shown in Figure 5
B.
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Figure 9. Relative thermal resistance to mixing (RTRM) of water column in Survey 1 and Survey 2

4, Conclusion

This research highlights the importance of
characterizing  climatological parameters
(patterns and magnitudes) as driving factors
for the changes in the thermal stratification of
a lake. The alteration of thermal stratification
due to weather changes has implications for the
distribution of sulfide in the water column. The
combination of high rainfall and wind speed,
along with low sunshine duration and air
temperature in survey 1, led to the
disappearance of water column stratification,

resulting in the upward movement of sulfides
to the surface. Conversely, when the air
temperature and sunshine duration are high,
and the rainfall and wind speed are low, the
water stratification will be strong, resulting
sulfides remaining in the hypolimnion layer and
continuing to increase. This research can be
applied to similar lakes and serve as a basis for
the development of early warning systems to
prevent fish kill event caused by the rise of
sulfide to the surface.
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Abstract: Phosphate adsorption and desorption are significant processes that influence the presence of
phosphate in aquatic ecosystems and regulate the concentration of phosphate at the water-sediment
interface. This research aims to investigate the characteristics of phosphate adsorption and desorption in
Kendari Bay sediments, study the relationship between adsorption capacity and sediment characteristics
and its phosphorus fraction, and evaluate its potential contribution to the overlying water column.
Physicochemical measurements of the water and sediments were performed in the sampling location and
the laboratory. Two types of adsorption-desorption kinetics models and two types of isothermal adsorption
models were used to estimate the adsorption rate and capacity of the surface sediments. Adsorption
kinetics and desorption kinetics experiments produced pseudo-second-order kinetic model equations with
regression coefficients (R2) of 0.865-0.936 and 0.886-0.947, respectively. The isothermal adsorption
experiment follows the Langmuir equation model with R? = 0.964. The maximum adsorption capacity (Qmax)
value was 156.3-227.3 mg/kg, and the phosphate concentration value at zero equilibrium (EPCo) was
0.0026-0.0047 mgP/L. Notably, the EPCo value was higher than the SRP concentration, indicating that the
resuspension of phosphate ions from sediment into the water column could occur. Furthermore, there was
a correlation between Qmax values with OP, Al-P, Fe-P, clay particles, and organic materials. Potential
practical applications may include integrating sediment adsorption capacity data into ecosystem models to
inform nutrient management strategies and promote sustainable coastal development in Kendari Bay and
beyond.

Keywords: phosphate adsorption, desorption kinetics, water-sediment interface, coastal development,
Kendari Bay

DOI: https://doi.org/10.55981/limnotek.2024.2019

1. Introduction phosphorus fraction that is easily utilized by
Phosphorus is one of the anthropogenic algae and is a rate-limiting nutrient for
pollutants that causes eutrophication. phytoplankton primary productivity (Wang et
Eutrophication can trigger the growth of al., 2018). Particulate inorganic phosphorus is
algae, thereby reducing water quality, which in the mineral phase, which is the result of
has become a serious threat over the last few DIP adsorption by particles in the water.
decades (Axinte et al, 2015). This As a crucial element for life on earth,
phenomenon can result in reduced biodiversity phosphorus  regulates a  variety of
due to reduced dissolved oxygen content. biogeochemical reactions in freshwater and
Dissolved inorganic phosphorus (DIP) is a marine systems. Phosphorus in water exists in
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dissolved and particulate forms Particulate
phosphorus compounds can be found in the
form of calcium salt (Ca-phosphate), iron (Fe-
phosphate) or complex salts of aluminum (Al-
phosphate), and organic phosphorus (OP)
(Bramha et al, 2014). Phosphorus dissolved
or soluble reactive phosphorus (SRP) is
commonly  known as  orthophosphate.
Orthophosphate is a form of phosphate that
can be used directly by phytoplankton. Loosely
adsorbed P is often referred to as
exchangeable P. Mobilization of particulate P
in a form available to phytoplankton occurs
through  organic  matter  degradation,
desorption, and mineral dissolution reactions.

In the water column, the phosphate ions
will interact with the surrounding particles
(Maslukah et al, 2017). Naturally, the
phosphate ions bind to particles by adsorption,
leading to larger aggregates and deposition
(Zhang et al., 2015). The phosphate ions will
be released into the water column below by a
desorption process if the ambient conditions of
the water change (pH, oxygen content,
salinity). Therefore sediments can act as a
source of internal phosphorus.

The hazardous potential of phosphorus
in sediments is related not only to the total
phosphorus (TP) content. but also to the
presence of other fractional forms of
phosphorus in the sediments. The adsorption-
desorption characteristics of phosphate are
mainly influenced by the physicochemical
characteristics of the sediment, the
phosphorus fraction, and the water column at
the sediment-water interface. Sediments with
different  characteristics have different
adsorption characteristics. The form of the
phosphorus fraction plays a significant role as
a cause of the eutrophication of water bodies
(Gerard, 2016; Wang et al, 2015). Other
studies have reported that pH, macro
elements, particle size, and organic matter
have an impact on the adsorption of
phosphate ions in soil and sediment (Zhu et
al, 2015; Cao et al., 2016).

Kendari Bay which is located in Southeast
Sulawesi, has significant potential as a habitat
for various organisms that live in the aquatic.
Around 13 rivers in the city of Kendari flow
into the bay area, including the Wanggu River
and the Kambu River. Various anthropogenic

13

pollutants resulting from activities along river
basins are carried through river flows or urban
drainage to the bay area. As a result, the
waters of Kendari Bay have become a place
for the accumulation of pollutants, including
phosphorus and macro elements, especially
iron (Armid et al., 2017; Asriyana and Irawati,
2019).

Several studies in Kendari Bay have only
studied the processes of sedimentation,
trophic status, heavy metals pollution and
water quality (Armid et al,, 2017; Asriyana and
Irawati, 2019; Alfiani et a/, 2019; Makkawaru
et al, 2021). Adsorption and desorption are
important processes and factors that influence
the presence of phosphate in aquatic
ecosystems and control their concentration at
the water-sediment interface (Zzhang et al,
2015; Li et al., 2017). Therefore, the study of
phosphate adsorption-desorption is crucial to
identifying the source phosphate in the
sediment. The objectives of this study are to
investigate the phosphate  adsorption-
desorption in Kendari Bay sediments, analyze
the correlation between adsorption capacity
with  sediment characteristics alongside
phosphorus fraction, and evaluate the
potential for phosphate release into the
overlying water column.

2. Materials and Methods

2.1. Time and Location of Research

The study was carried out from May 2022
to October 2022 and consisted of in situ
observations,  laboratory  analysis, and
laboratory experiments. Samples were taken
in Kendari Bay, Southeast Sulawesi, using a
purposive sampling method which considered
that the sampling location was influenced by
rivers, especially large rivers (Wanggu River
and Kambu River) and the areas connected to
the open sea. Therefore, five sampling points
have been selected, three sampling points
were located near the river mouth (TK.1,
TK.2, and TK.3) and two sampling points were
located near the bay's mouth or the open sea
(TK.4 and TK.5). Geographically, Kendari Bay
is located at 3°57'59.37" N, 3°59'32.39" S,
and 122°31'38.07" E, 122°35'55.93" W (Figure
1). The experiment of adsorption-desorption
and sample analysis was carried out at the
Genomics Laboratory and Sedimentation
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Laboratory, National Research and Innovation
Agency (BRIN), Cibinong, Indonesia.
2.2. Water sampling and analysis

The water samples were the water
collected from the sediment-water interface.
Physicochemical parameters such as pH,
Dissolved Oxygen (DO); salinity, and turbidity
were measured in situ using a water quality
checker. Water samples were collected using a
water sampler and then filtered using 0.45 pm
pores filter paper to determine the
concentration of orthophosphate or Soluble
Reactive Phosphate (SRP) and as a material
for adsorption-desorption examinations.

The sediment samples were taken using a
Wildco Petite Ponar Grab with a capacity of
2.4 liters and stored in tightly closed bags at a
cold temperature (4 °C) during the trip to
the laboratory. In the laboratory, the sediment
sample was dried in the oven at 40 °C for two
days, ground, and sieved until a dry sediment

2 ITNE 122°3540°%
f 1

of <2 ym was obtained. The fine sediments
were used for the analysis of particle
composition (sand, silt, and clay), Organic
Matter (OM), macro element content (iron
(Fe), aluminum (Al), and calcium (Ca),
Mangan (Mn)), phosphorus fractioning, and
adsorption-desorption experiments. Sediment
particles were analyzed using the hydrometry

method in the technical guide for
soil/sediment analysis (Eviati and Sulaeman,
2009).

The organic matter content was analyzed
using the Gravimetry method (Mucha et al,
2003). The macro elements composition was
analyzed by the method of Atomic Adsorption
Spectroscopy (AAS) with wet deconstruction
(U.S. EPA, 1996). Phosphorus fractioning uses
chemical extraction and sequential methods
(Yilmaz et al., 2012).

Southeast Sulawesi

Kendari Bay
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Figure 1. Map of sampling location in Kendari Bay, Sulawei Island, Indonesia

2.2.1. Adsorption-desorption kinetics
experiments
Adsorption-desorption kinetics experiments
for all samples were carried out according to
the method used by Wang et a/, (2018). 0.5 g
of dry sediment samples and 25 ml of 1 mgP/L
solution were placed in a series of 125 mL
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conical flasks and mixed well using a shaker at
25 £ 1 °C with a speed of 150 rpm for
different time intervals (0; 0.25; 0.5; 1; 2; 4;
6; 10; 24; 36; 48; and 60 hours). As an
inhibitor of bacterial activity, 1-2 drops of
Chloroform were added to the sample
solution. 15 ml of suspension solution was
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separated using a centrifuge for 15 minutes at
a speed of 5,000 rpm. The supernatant was
filtered with 0.45 pm pore filter paper and
analyzed as SRP. The phosphate adsorption
rate by sediment was obtained by entering the
SRP concentration value into the pseudo-first-
order and pseudo-second-order kinetic model
equations.

The pseudo-First-Order Model assumes
that in this model, the rate of adsorption at
time ¢ is proportional to the difference
between the equilibrium amount adsorbed Q-
and the amount adsorbed at this instant @
and that the adsorption is reversible. The
constant rate is given in the following
Equation 1, by Lagergren (Ho and McKay,
1999):

Ln(@ -@) = In(@) - &i (1)
where @ is the amount of phosphorus
adsorbed at the instant (¢ (mg/g), @ is the
amount of phosphorus adsorbed at equilibrium
(mg/g), and ki is the pseudo-first-order rate
constant of adsorption (min—1).

Pseudo-Second-Order Model characterizes
the adsorption kinetics, by considering both
the case of rapid solutes fixation on the most
reactive sites and that of a slow fixation on
the low-energy sites. This model suggests the
existence of a chemisorption. The expression
of the pseudo-second-order reaction model
was obtained by the equation proposed by Ho
and McKay (1999):

t 1
Q  kQ

|
+—1,
Qe

T b

(2)

where k is the pseudo-second-order rate
constant of adsorption (g/mg/min). From
Equation 2, the adsorbed quantity at
equilibrium @ and the pseudo-second-order
constant k> can be determined experimentally
from the slope and the ordinate at the origin
of t/@ as a function of &

Desorption  kinetics experiments were
carried out by serially mixing 0.5 g of dry
sediment samples and 25 ml of 1 mg P/l
solution into a 125 ml Erlenmeyer flask and 1-
2 drops of chloroform as an inhibitor of
bacterial activity. Next, the sample solution
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was shaken using a rotary shaker at room
temperature (25 £ 1 °C) at a speed of 150
rpm for 36 hours. The suspension solution was
separated using a centrifuge at 5000 rpm for
15 minutes and filtered using filter paper with
a 0.45 pym pore. The residue was added with
25 ml of ion-free water and shaken again with
a rotary shaker for different intervals (0, 0.25,
0.5, 1, 2, 4, 6, 10, 24, 36, 48, and 60 hours).
A total of 15 ml of suspension solution was
separated using a centrifuge for 15 minutes at
a speed of 5000 rpm. The supernatant was
filtered with 0.45 pm pore filter paper and
analyzed as SRP. The rate of phosphate
adsorption by sediment was obtained by
entering the SRP concentration value into the
pseudo-first-order and pseudo-second-order
kinetic model equations.
2.2.2. Isotherm phosphate adsorption
Isothermal adsorption experiments using a
modified Wang et al/ (2018). A sample of
water from the study site was filtered using
Millipore 0.2 um filter paper. A quantity of 0.5
g of dry sediment is weighed into Erlenmeyer
100 ml and 40 ml of water samples have been
added to KH,PO4 solution with concentration
variations of 0; 0,1; 0,25; 0,5; 1,0; 2,0; 4,0;
6,0; 8,0 mg P/I. All suspension solutions are
shaken using an orbital shaker at room
temperature at a rate of 150 rpm for 24
hours. A total of 15 ml of the suspension is
centrifugated for 15 minutes at a speed of
5000 rpm, filtered using Millipore 0.45 pm
fiter paper, and analyzed as SRP. The
sediment adsorption capacity was obtained by
putting the SRP concentration values into the
Freundlich and Langmuir isothermal equation

model. The equations are described in
Equations 3 and 4 respectively:
1
InQ,=In Kz+-InC,, ...(3)
1
C. C, 1
= =5 toA ..(4)
Qe Qm R[_Qm

where Ar is the Freundlich adsorption constant
(mg/g) (L/mg)Y", n is the intensity factor, Om
is the maximum adsorption capacity (mg/g),
and AL is the Langmuir adsorption constant

(I/mg).
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2.3. Data analysis

The Pearson Correlation analysis was used
to perform a quantitative assessment of the
relationship  between  the  adsorption-
desorption  phosphate  parameters and
sediment characteristics. Minitab version 16
software was utilized for further
comprehensive data analysis on the potential
dependencies and interactions within the
studied variables, aiding in understanding the
underlying patterns and dynamics governing
phosphate behavior in the sediment system.

3. Results and discussion

3.1. Water physicochemical properties
The result of measurement for the
physicochemical parameters in the water-
sediment interface of Kendari Bay is shown in
Table 1. The data revealed that the normal
temperature values for tropical waters ranged
from 30.0 °C to 30.9 °C, and the pH of water
tends to be alkaline, ranging from 8.8 to 9.1
(8.97 £ 0.12). The concentration of dissolved
oxygen was low even though it was still in

aerobic condition with a range of 2.6 mg/L to
4.0 mg/L, while the SRP concentration value
was very low (<0.001 mg/L). The values were
lower than in the previous study in the same
location (Asriyana and Irawati, 2019)

The pH parameter is significant in the
adsorption process because it affects the bond
between phosphate ions and the surface of
the sediment. On the alkaline condition, the
sediment surface will be dominated by
negatively charged ions, consequently, it will
tend to be more repellent to phosphate ions.
The average pH value was in the range of
8.82 to 9.12. The relatively high pH value is
thought to be due to the presence of CaCO3,
which originates from biogenic apatite and
carbonate fluorapatite (CFA) compounds.
These compounds come from the bones and
teeth of dead marine organisms (Zhuang et
al, 2014). In the presence of carbonate
compounds, a high pH value will cause
phosphate adsorption or coprecipitation with
carbonate (Omari et al., 2019).

Table 1. The average value and standard deviation of the physicochemical characteristic of the
water at Kendari Bay

Location TK.1 TK.2 TK.3 TK.4 TK.5
Temperature (°C) 30.1+0.09 30.9+0.11 30.2+0.09 30.1£0.09 30.0+0.10
pH 8.9+0.08  8.8+0.09 8.9+0.09 9.0+0.08  9-1%0.09
Salinity (ppt) 16.3£1.54 17.7+1.87 16.5+2.01 16.6+1.98 16.5%£2.41
DO (mg/L) 4.00£0.82 3.75+1.03 3.25+0.95 3.65+0.71 2:60+0.63
SRP (ma/L) <0.001 <0.001 <0.001 <0.001  <0.001

The low SRP value is also supported by the
salinity concentration value. Ca bonds with
phosphate ions will be stable and easily
released into the water column because Ca
will not dissolve in environmental conditions
with high salinity (Van Diggelen et al, 2014).
The DO values ranging from 2.6 to 4.0 mg/L
indicated that it was still in an aerobic
condition where it was allowing phosphate
ions to bind to metal oxides.

3.2. Sediment physicochemical -
properties

The results of sediment functional group
analysis at five locations showed that TK.1,
TK.2, TK.3, and TK.5 create nearly identical
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spectrum profiles. However, TK.4 has a
slightly different spectrum profile (Figure 2).
The spectrum located between 3600 cm™ to
3700 cm? is the O-H group, which indicates
the presence of clay minerals (Veerasingam
and Venkatachalapathy, 2014). The spectrum
located at 3393 cm™ was thought to be the

amine and amide groups of organic
compounds containing nitrogen (N).
The appearance of the 1634 cm-1

spectrum confirms the presence of C=C and
C=0 groups originating from biological
materials (Veerasingam and
Venkatachalapathy, 2014). The peak from 900
cm-1 to 1100 cm-1 was thought to be related
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to AI-OH bending and Si-O stretching
vibrations of eroded silicate layers, particularly
illite and kaolinite, whereas the spectral band
from 693 cm-1 to 776 cm-1 is associated with
the presence of quartz grains (Veerasingam
and Venkatachalapathy, 2014).

The results of sediment particle size
analysis showed the composition of sand, silt,
and clay particles as shown in Figure 2. The
silt fraction was the most dominant sediment
particle, with an average percentage in the
range of 74.8% to 79.25%. The distribution of
silt particles is evenly distributed throughout
all sampling locations.

The abundance of finer sediments at all
sites reflects relatively weak hydrodynamic

energy (Vicente et al, 2016). In research
conducted by Putra et al (2021), the current
velocity value in the area of Kendari Bay is
relatively lower compared to the outside area
of the bay, with an average value of 5.26
cm/second.  This showed that the
hydrodynamic energy in Kendari Bay was
relatively weak. This condition is supported by
the morphometry of Kendari Bay, which
resembles an estuary where processes such as
flocculation occur more intensely due to
reduced turbulence so that finer sediment is
dominant (Vicente et al, 2016), as shown in
Table 2.
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Figure 2. Collection of ATR-FTIR spectra from surface sediments at five sampling locations in the
waters of Kendari Bay. Instrument conditions: nominal resolution of 4 cm~! and 16 accumulated
scans per adsorption band. The color of the lines indicates the sampling points: TK.1 (black), TK.2
(red), TK.3 (orange), TK.4 (light green), and TK.5 (blue).

The  differences in the particle
compositions in the sediment will result in
differences in the ratio of surface area to
mass. Li et al (2021) reported that sediment
particles with a finer size (silt and clay) have a
larger surface-to-mass ratio when compared
to larger particles, thus providing a greater
adsorption capacity.

The dominance of the fine particle size of
Kendari Bay sediments supports the high
concentration of organic matter at this
research location, which ranges from 25.16%
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to 68.44% (Table 2). This phenomenon was
reported by Meng et a. (2014) and
Simanjuntak et al (2020), who found that
sediments with a high proportion of fine
particles tend to have a high organic material
content. Figure 3. shows the relationship
between organic matter and fine sediment
particles, with a value of R?> = 0.9068.

The results of macroelement analysis show
that Fe is the element with the highest
concentration compared to other
macroelements, with values ranging from
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5496 to 9.077 mg/g (Table 2). This
phenomenon was similar, as reported by
Armid et al. (2017), at the same locations. The
high Fe content in the waters of Kendari Bay is
influenced by rivers entering the bay area,
which carry anthropogenic pollutants, which
originate from untreated mining and industrial

waste. According to the CBSSS (2015), as
many as 136 ore mining companies is
operating in North Konawe, Konawe, and
South Konawe Regencies, where the entire
district is crossed by the Wanggu River (Armid
et al., 2017).

Table 2. The average and standard deviation of physicochemical characteristics of surface
sediments at Kendari Bay

Location TK.1 TK.2 TK.3 TK.4 TK.5

sand (%) 3.8+1.93 2.8+1.74 2.9%1.54 7848271  45+2.32
Silt (%) 76.3%1.76 77.7¢1.82  75.8+1.67  79.3+1.97  74.8+1.46
Clay (%) 20.0+3.43 19.443.17  21.3%3.95 1294256  20.7+3.73
Org. matter (%)  68.4+21.81  62.6+17.50  64.4%20.82  25.2£77.45 57.9+19.89
Al (mg/g) 0.268+0.12  0.125%0.06  0.210£0.07  0.088+0.02 0.230+0.10
Ca (mg/q) 2,408+0,98  1,737+0,31  2,422+1,21  2,182+0,52  4,100+1,37
Fe (mg/g) 9,0774¢2,50 5498190  5570+2,21  4,520£1,18 5,100+1,41
Mn (mg/g) 0.29240.18  0.166£0.13  0.320£0.21  0.066+0.01 0.4800.28

Macroelements such as Fe, Mn, Al, and Ca
play important roles in the «cycle of
phosphorus compounds in water. Additionally,
these elements play a role in the adsorption
and desorption of phosphate ions in
sediments. The iron content in Kendari Bay
sediments was significantly higher when
compared to other oligotrophic coastal waters
in Indonesia, such as Jepara coastal waters in
Central Java (Maslukah et al., 2019)

80
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R?=0,9068

Organic matter (%)

91 92 93 94 95 96 97 98
Fine particle (silt & clay, %)

Figure 3. Relationship between fine sediment
fraction and organic matter content

The concentrations of Mn and Al were in
the range from 0.066 mg/g to 0.480 mg/g and
0.88 mg/g to 0.268 mg/g dry sediment,
respectively. Meanwhile, the concentration of
Ca was the second highest concentration after
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Fe, in the ranges from 0.737 mg/g to 4.100
mg/g of dry sediment. Ca can bind phosphate
ions to form apatite mineral deposits.
Phosphate ions that bind to Ca will be more
occluded and dissolved when the pH of water
is lower. Meanwhile, the oxidized Fe, Mn, and
Al will fall to the bottom of the bay in the solid
form of sediment or minerals that have high
adsorption capacity for phosphate ions.
Therefore, these elements play an important
role in the phosphorus cycle at the sediment-
water interface.
3.3. Phosphorus fractions

The fractionation of phosphorus
compounds in sediment is an important
parameter to estimate the internal input of
phosphorus compounds into the water
column. Vicente et al (2016) stated that
phosphorus concentration is an important
aspect in assessing the level of eutrophication
in water. Phosphorus concentration in waters
is mainly regulated by the release from
sediment, which depends on the form of
different phosphorus fractions because not all
phosphorus compounds can be released from
sediment. Barik et al. (2019) revealed that the
composition of different P fractions affects the
mobility of sediment phosphorus. The
distribution of different P fractions in
sediments needs to be known to assess the
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risk of eutrophication in aquatic ecosystems
(Aydin et al., 2018).

The distribution of phosphate fraction
concentrations in each sediment sample varies
greatly (Figure 4). The total concentration of
phosphorus (TP) in this study ranges from
0.300 to 0.410 mgP/g with an average of
0.360 mgP/g. The concentration of organic
phosphorus (OP) was in the ranges from
0.026 to 0.133 mgP/g; contributing 21.5% to
TP. Relatively low OP content was observed at
the location of TK.4 and TK.5, where the area

is close to the open sea. Therefore, the
accumulation of higher anthropogenic inputs
occurred inside the bay, near the estuary
(TK.1, TK.2, and TK.3). Organic P in marine
sediments comes from the mineralization of
organic materials containing phosphates, such
as nucleic acids, lipids, and sugars bound to
phosphorus (Li et al, 2017; Tu et al., 2019).
Increased organic matter causing an increase
in OP has been reported from several research
sites (Vicente et al, 2016; Yang et al., 2019;
Li et al, 2017).

0.30 0.025
0.25
TQ 0020 o
: 0.20 &
7 0015 &
o (=9
o 0,15 =
< 0.010 b
= 0,10 E
- 0.05 0.005
0.00 0.000
TK. 3
Location
oOP B Fe-P @ Ca-P x Al-P e Ex-P

Figure 4. Distribution of phosphorus fraction

Inorganic phosphorus consists of Ca-P, Fe-
P, Al-P, and Exchangeable Phosphates (Ex-P).
Ca-P concentrations were in the range of
0.200 to 0.245 mgP/g, with an average
contribution to TP of 63.13%. Ca-P is the main
P fraction in Kendari Bay waters and generally
comes from biogenic apatite (bones and teeth
of dead marine organisms) (Zhuang et al.,
2014) and carbonate fluorapatite (CFA) (Hou
et al., 2009). Based on research by Zulham et
al. (2017), the waters of Kendari Bay and its
surrounding areas have a high production of
fish and shellfish. Biogenic apatite and
fluorapatite are almost insoluble in the
physicochemical conditions of marine waters
and remain stable both under oxidizing and
reducing conditions, thereby rendering it
impossible for them to be released from the
sediment and enter the water column above
it. Therefore, the P form in the Ca-P fraction
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will not be bioavailable, so it is not easily
utilized by algae.

The high Ca-P concentrations are also
associated mainly with excessive calcite
saturation and coprecipitation of phosphates.
In addition, the high carbonate adsorption
capacity also contributed to the phosphorus
fraction. It is known that calcite is produced at
high salinity through precipitation reactions
and biological activity. Therefore, calcite
production in waters far from the coast will be
higher than in waters near the coast. This can
be seen in this study, where locations TK.4
and TK.5 have higher Ca-P values than
locations TK.1, TK.2, and TK.3.

Fe-P concentrations were in the range of
0.027 to 0.053 mgP/g, with an average
contribution to TP of 12%. Al-P and Ex-P
concentrations have the same relative value of
0.003-0.009 mgP/g, with the smallest
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contribution to TP being an average of 2%. The presence of Fe/Al-P in Kendari Bay
The concentration of Fe-P tends to decrease sediments is important to understand
from the location in the bay to the location at eutrophication in the waters of this bay. This P
the mouth of the bay. Previous studies fraction will release phosphate ions in anoxic
revealed that Fe-P concentrations decreased environmental conditions due to the oxidation-
from brackish waters to waters with higher reduction process (Yan et al, 2017; Barik et
salinity due to the trapping of large amounts al, 2019; El Semary, 2022). The presence of
of phosphorus by Fe hydroxide/oxides in the Fe/Al-P fraction in the waters of Kendari
brackish water sediments (Kang et al., 2017). Bay is closely related to the content of Fe and
Phosphorus that binds to Fe and Al is used to Al, which can be seen from the values of the
determine the availability of P for algae Pearson correlation coefficient, respectively,
growth in waters (Ghaisas et a/., 2019). with r = 0.717 and r = 0.802 (P<0.05) as

shown in Table 3.

Table 3. Correlation between phosphorus fraction and macro elements content in Sediment of
Kendari Bay

TP IP oP Ex-P Fe-P Al-P Ca-P Al Ca Fe

TP 1

IP 0,940% 1

OP  0,656* 0,359 1

Ex-P 0,953* 0,991 0,414 1

Fe-P 0,967 0,986* 0,464 0,988* 1

Al-P 0,762  0,806* 0,301 0,735%  0,757% 1

Ca-P 0915% 0,997 0,299 0,988* 0,973  0,788* 1

Al 0,500*  0,697* 0,073 0,654* 0,582 0,802  0,719% 1

Ca 0,260  -0,184  -0,305 -0,203  -0,322 0,051 -0,140 0,554 1

Fe 0,559*  0,805*  -0,251 0,772* 0,717  0,612* 0,845  0,716* 0,088 1

*P<0.05

Ex-P is the fraction of sedimentary P that water interface are still aerobic. However, Ex-
is loosely adsorbed Phosphorus so that it is P and OP are considered potentially available
easily released into the sediment-water  fractions. Ex-P can be released gradually when
interface. Therefore, this phosphorus fraction the phosphate concentration in the water
is often called the exchangeable phosphorus column is lower than in the pore water, and
fraction (Ex-P). Its concentration in Kendari OP <can be bioavailable through the
Bay sediments is relatively low, ranging from demineralization process (Zheng et al.,, 2022).
0.003-0.009 mgP/g, with a contribution of In this study, Ex-P and OP contributed 10% to

1.8% to TP. 35% of TP.

Together with the OP, Fe-P, and Al-P 3.4. Kinetics of Phosphate Adsorption
fractions, Ex-P is the P compound in and Desorption
sediments that is biologically available According to the experiment in the

(Bioavailability = Phosphorus, BAP), which laboratory, the phosphate adsorption into
means it can be used directly for algae growth sediment samples from all sampling locations
(Yang et al, 2018). The availability of indicated high and quick adsorption from the
phosphorus in sediments is directly related to initial time until the sixth-hour experiment;
the amount of phosphorus that can be easily however, after the sixth-hour experiment, the
released. By knowing the various P fractions, phosphate adsorption was getting slow (Figure
the potentially available phosphorus can be 5). An average of 79% adsorption occurred
determined. Calcium-phosphorus (Ca-P) is not during 6 to 36 hours, and an equilibrium
expected to be a bioavailable fraction due to process occurred after 36 hours. The
its insolubility in the brine environment, while adsorption progressed slowly because of the
Fe/Al-P  cannot be released if the reduced active adsorption sites; almost no
environmental conditions at the sediment- further adsorption could be found after 36
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hours, indicating either that adsorption in the first 0—6 hours. In the first few hours,
equilibrium had been reached or that the concentration in the surface water is
desorption occurred as the consequence of lower, P is adsorbed quickly, and then the
the less active sites being available to P (Guo concentration of the overlying water increases,
et al, 2018). This pattern also occurs in the and the P desorption rate decreases. After 36
results of phosphate desorption kinetics h, equilibrium desorption had been reached or
experiments, which show the desorption rate adsorption might occur.

20 Adsorption Desorption

5 —TK-1 —TK-2 -#-TK-3 A —--TK.1 —+TK2 —=TK3
——TK-4 —=-TK-5 —+—TK4 —=TK.5
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (h) Time (h)

Figure 5. Adsorption and desorption rates of phosphate in sediments of Kendari Bay

The experimental results of the kinetic sediments are controlled by chemisorption
model showed that for both adsorption and (Khamizov, 2020). The parameters of
desorption processes of phosphate by Kendari adsorption and desorption constants (k) and
Bay sediments, the pseudo-second-order the amount of phosphate adsorbed (Qe) are
kinetic model gave a higher regression presented in Table 3. The adsorption and
coefficient (R?) value. The high value of the desorption rate constant values (k) have an
regression coefficient also shows that the average of 1.074 kg/mg/min and 0.878
adsorption capacity is proportional to the kg/mg/min, respectively. Both k values are
number of active sites contained in the relatively the same as study results in
adsorbent (Dim et al, 2021). This indicated Semarang coastal waters and higher than in
that adsorption and desorption in Kendari Bay Jepara coastal waters (Maslukah et al., 2020).

Table 4. Adsorption and desorption kinetic parameters of psedo-second-order

Location Adsorption Desorption
Ka Qe R2 Kd Qe R2
Kg/mg/min mg/kg Kg/mg/min mg/kg
TK.1 0.476 25.417 0.876 1.171 15.935 0.886
TK.2 0.674 24.699 0.896 1.015 15.423 0.898
TK.3 0.712 24.362 0.893 0.871 15.200 0.907
TK.4 1.157 20.924 0.936 0.675 15.084 0.910
TK.5 2.349 17.447 0.865 0.660 13.139 0.947
Average 1.074 22.570 0.893 0.878 14.956 0.910

K: adsorption and desorption constants, Qe: adsorption and desorption capacity, R?: regression coefficient

3.5. Isothermal adsorption showed that the adsorption rate tends to
To describe the adsorption capacity at increase as the equilibrium concentration of

several different phosphate concentrations, phosphate increases and then reaches

isothermal adsorption experiment was carried equilibrium after saturation conditions are

out using the Langmuir and Freundlich reached (Figure 6).

isothermal adsorption models. The results
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Figure 6 Phosphate isothermal adsorption of Kendari Bay sediments

Table 5. Isothermal adsorption parameters
of Freundlich and Langmuir

Loca R? R? Qmax EPCo

-tion  Freundlich Langmuir (mg/kg) (mgP/L)
Tk.1 0.948 0.974 212.8 0.0029
Tk.2 0.939 0.968 212.8 0.0026
Tk.3 0.947 0.961 227.3 0.0033
Tk.4 0.950 0.968 156.3 0.0047
Tk.5 0.935 0.950  222.2  0.0028

R?: regression coefficient, Qmax: maximum capacity
of adsorption, EPCo: zero equilibrium phosphate
concentration.

Experimental results show that the
Langmuir model equation provides slightly
higher regression coefficient values compared
to the Freundlich model equation (Table 5).
But generally, both equations produce strong
regression coefficients. This phenomenon
showed that the phosphate adsorption process
in Kendari Bay sediments occurs due to the
presence of a monolayer and multilayer. From
the Langmuir isothermal adsorption model,
the maximum adsorption capacity (Qmax) value
of Kendari Bay sediments was 156.3 mg/kg to
227.3 mg/kg. This value is lower than the
results of research in the waters of Semarang
Bay (347.2 mg/kg) and Jepara Bay (358.7
mg/kg) (Maslukah et al, 2020). Yang et al.
(2019) even found that the Qmax value of
phosphate ions in sediment enriched with
organic material in the concentration of 611.2

mg/kg.
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There was a positive correlation between
the Qmax values and the inorganic P fraction,
specifically Fe-P (r = 0.797) and AI-P (r
0.502) (Table 5). The Qmax value with the
organic P fraction also produces a positive
correlation coefficient value with r = 0.610.
The high content of macro element-bound
phosphorus in the sediment shows the great
ability of the Kendari Bay sediment to adsorb
phosphate ions.

Particle size and organic matter content
are also important factors in sediment
adsorption capacity. Sediment with fine
particle size has a stronger adsorption capacity
because of its larger specific surface area
(Zhuang et al., 2014). This can be seen from
the research results, which obtained a positive
correlation coefficient value between the Qmax
value and clay particles (r = 0.998). Due to
the large surface area, sediments with finer
particles have stronger adsorption capacity
(Vicente et al., 2016; Kang et al.,, 2017). Meng
et al. (2015) also reported that the higher the
composition of fine particles, the higher the
specific surface area, and the stronger the
surface energy in the adsorbed particles, the
more phosphorus is absorbed. A positive
correlation with organic matter content
indicated a strong correlation coefficient value
(r = 0.934). Yang et al (2019) reported the
maximum adsorption capacity value for
sediment enriched with organic material
(611.2 mg/kg).
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Table 5. Correlation between maximum adsorption capacity (Qmax) With physicochemical
characteristics and phosphorus fraction of Kendari Bay sediments

OoP Ex-P Fe-P AP Ca-P Sand Silt Clay oM Qmax
OopP 1
Ex-P 0,966 1
Fe-P 0,911 0,986 1
Al-P 0,643 0,735 0,761 1
Ca-P -0,941 -0,842 -0,751 -0,358 1
Sand -0,717 -0,849 -0,905 -0,521 0,588 1
Silt -0,391 -0498 -0,523 -0451 0,274 0,612 1
Clay 0,632 0,766 0,813 0,544 -0494 -0915 -0,879 1
oM 0,740 0,882 0937 0,732 -0,543 -0,952 -0,725 0,944 1
Qmax 0,610 0,747 0,797 0502 -0482 -0,920 -0,869 0,998 0,934 1
Significant level (P) = 0,05
3.6. Equilibrium Phosphate - turbulence in the bay waters will disperse and
Concentration in Kendari Bay dilute the released phosphate ions in
Phosphate  concentration at  zero seawater.
equilibrium (EPCo) is an important parameter
in determining the role of sediment 4, Conclusion

resuspension in the phosphate adsorption-
desorption process. When the phosphate
concentration in the water is less than the
EPCo value, sediment is expected to release
phosphate from the sediment into the water
column. On the other hand, if the phosphate
concentration is greater than the EPCy value,
the sediment will tend to adsorb phosphate
(Wang et al., 2018).

The waters of Kendari Bay are classified as
an oligotrophic bay because the results of the
SRP analysis in the Kendari Bay water body
show a relatively low average value (0.001
mg/L), while the EPC, value resulting from
isothermal adsorption experiments using the
Langmuir equation is around 0.0026 mg/L to
0.0047 mg/L (Table 4). This indicated that
Kendari Bay sediment potentially resuspends
phosphate ions into the water column.

Although Kendari Bay sediments have the
potential to release phosphate ions into water
bodies based on the EPCO value, the
phosphate equilibrium mechanism in the
environment is highly dependent on
environmental conditions. Jiang et al (2022)
revealed that temperature and pH influence
the concentration of phosphate. The low
concentration of Ex-P in this study was less
supportive of phosphate release. Furthermore,
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The adsorption-desorption kinetics of the
Kendari Bay sediments were investigated
using the pseudo-second-order rate equation,
which indicated that the adsorption capacity is
proportional to the number of active sites
filled by P ions, with chemisorption being the
rate limitation.

The maximum adsorption capacity (Qmax)
value is influenced by particle size and
phosphorus fraction. This is evident from the
significant positive correlation between Qmax
and the clay fraction, iron, Fe-P, and Al-P.
Consequently, sediment in Kendari Bay
exhibits a high adsorption capacity for
phosphate ions due to its fine particle size and
high Fe content. Despite the SRP value being
smaller than the EPC, value, resulting in the
resuspension of adsorbed phosphate ions, this
process is limited by the very low Ex-P content.
Therefore, Kendari Bay sediments have little
potential to serve as a source of P input into
Kendari Bay.

Furthermore, practical applications may
involve incorporating sediment adsorption
capacity data into ecosystem modeling
frameworks to guide nutrient management
practices and support sustainable coastal
development initiatives in Kendari Bay and
beyond.
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Abstract: Lakes are recognized as vulnerable to pollution, including Menjer Lake, whose catchment area
is dominated by agricultural lands and features floating net cages in the water body. The heightened
contamination risk within the lake primarily stems from the accumulation of heavy metals, compounds
known for their profound toxicity. The high-level concentration of heavy metal in sediment aligns with the
level of water toxicity, underscoring the urgent need for thorough assessment and monitoring. The research
focused on assessing heavy metal concentration and distribution through spatial analysis. Toxicity levels
were evaluated using the enrichment factor (EF) and Geoaccumulation Index (Igeo). This study collected
eight samples each during the rainy season of 2022 and 2023. The heavy metals were tested using an
Atomic Absorption Spectrophotometer (AAS), including Pb, Cd, Cr, Fe, Al, and Cu. Comparatively, the mean
concentration of heavy metals in 2023 was slightly higher for Fe and Al than in 2022. Moreover, Cd was
not detected in either 2022 or 2023. The variety of land use and land cover has consequences on the
spatial distribution of toxicity levels, showing an influential correlation between Al, Pb, and Fe metals with
locations associated with cropland and floating net cages. Additionally, highly steep slopes significantly
affected erosions that induced sediment from agricultural land use, further underscoring the multifaceted
nature of environmental risk factors.

Keywords: environmental risk, ecological risk, heavy metals, lake hydrology, water pollution

DOI: https://doi.org/10.55981/limnotek.2024.3880

1. Introduction bodies through surface runoff and erosion

Heavy metals are considered toxic owing processes and accumulate in the sediment.
to their ability to bind to sediments, The natural sources of heavy metals are rock
accumulate over extended periods, and weathering and volcanic  sediments.
resist degradation (Yuan et a/, 2022). These However, anthropogenic factors related to
metals are commonly transported to water household activities, agriculture, and
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industrial operations release large quantities
of heavy metals into the environment (Looi
et al., 2019). The previous study found that
heavy metals in sediments primarily
originated from bedrock and land-based
activities. However, lakes in the protected
areas may be exposed to heavy metal
pollution from forests, agriculture, and other
anthropogenic land uses (Sojka et al., 2022).

Menjer Lake is a volcanic lake located in
Wonosobo City, serving multiple purposes
such as tourism, hydropower generation,
and fisheries. Moreover, agricultural
activities are excessive in its catchment area.
Agricultural activities, such as chili, potato,
and cabbage farming, in the Menjer Lake
catchment area have been identified as
potential sources of heavy-metal pollutants.
Metals commonly found in fertilizers,
including Cr, Fe, Zn, and Cd, contribute to
this pollution (Xu et al,, 2020). The extensive
use of fertilizers, driven by intensive
agricultural practices, may lead to these
heavy metals (Alfarisy et al, 2020).
Additionally, Menjer Lake is fed by the
Serayu River, potentially transporting metals
along with dissolved sediments. Heavy
metals wusually found in lake-surface
sediments are Fe, Pb, Cu, Zn, Cd, Hg, and Al
(Bentley et al., 2022). However, volcanic lake
bedrock commonly contains metals such as
Fe, Cu, and Pb.

One method to assess the presence of
heavy metals in river sediments is to use the
Enrichment Factor (EF) and
Geoaccumulation Index (Igeo). The Igeo is
used to determine metal contamination in
sediments, with its calculation formula
developed by Muller in 1969. Meanwhile, the
EF assesses metal contamination resulting
from anthropogenic activities. Both indices
are crucial for identifying anthropogenic
contaminants in sediment and surface soil
(Barbieri, 2016). This method is essential
because the metals accumulated in
sediments can dissolve in water and undergo
transfer to human bodies and animals
(Hasimuna et al, 2021). The EF and Igeo
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serve as metrics for evaluating the presence
and extent of anthropogenic contaminants.
The EF and Igeo are commonly utilized to
assess metal concentrations of
environmental concern. These indexes
assess soil pollution levels, often based on
similar soil fragments, using the numerical
formula representing the bio-available
fraction (Barbieri, 2016).

Research on assessing toxic metal levels
in Indonesian lakes is currently limited.
Several studies have been conducted on river
sediments, including research by Wardhani
et al. (2018) on reservoirs, Fadlillah et al.
(2023) examining toxicity in water and
sediments in the Winongo River, and
Fadlillah et a/. (2024) conducting research of
ecological risk in nutrient and heavy metals
in Menjer Lake using different methods
without comparing to temporal changes
between years. Conducting such research is
crucial to address public concerns about
heavy-metal accumulation in sediment. The
study aimed to investigate the spatial
variation, distribution, and sources of heavy
metals (Pb, Cd, Cr, Fe, and Al) in Menjer Lake
using the EF and Igeo across different years.
Moreover, this research was conducted to
create a basis for data on heavy metal
concentration in lake sediment in Indonesia.

2. Materials and Methods
2.1 Study Area

Menjer Lake is situated in Maron Village,
Garung District, Wonosobo, Central Java
(Figure 1).This lake was formed at the base
of Mount Pakuwaja due to volcanic eruptions
and is positioned at 1300 m above sea level.
Hence, it is characterized by extremely steep
slopes (>40%). The water sources of Menjer
Lake are from various rivers within the
Menjer catchment areas, namely the Menjer,
Siwedi, and Silumbu Rivers, as well as
springs surrounding the lake (Bergen et al.,
2000). Additionally, this area experiences
substantial rainfall, with the Menjer
catchment area receiving an annual average
rainfall of >3000 mm, classified as very high
(Suhendro et al., 2022).
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2.2, Sampling collection and analysis

This investigation collected 16 surface
sediment samples from Menjer Lake during
the rainy season. Eight sampling sites (S1-
S8) were carefully chosen to encompass
different land uses, considering the potential
introduction of heavy metals into the lake via
runoff from diffuse sources. Field surveys
were conducted in March 2022 and January
2023. The initial eight sediment samples
were obtained in March 2022, and the
remaining eight samples were collected in
January 2023. Additionally, three soil
samples were taken from the agricultural
zone in January 2023 to investigate the
correlation between surface sediment.
Notably, the sampling sites were consistently
maintained in the exact locations throughout
the study period in 2022 and 2023 (Figure
1).

The Sediment samples from each site
were gathered using a grab sampler for
surface sediment, following the method
outined by Ahmed et al (2022).
Subsequently, the samples were placed in
plastic bags, stored in ice boxes, and
transported to the laboratory for analysis.
Once there, they were naturally dried at
ambient air temperature. Following drying,
0.3 g samples underwent digestion using
HNOs and were analyzed for heavy metal
content using an atomic absorption
spectrophotometer (Varol, 2020). The heavy
metals tested for Pb, Cd, Cr, Fe, and Al. All
sediment analyses adhered to standard
operating procedures in accordance with ISO
17025:2017. Calibration Curves were also
prepared from a 1000-ppm stock standard
solution to ensure quality control and
assurance during the analyses.

351IODD 381I600

372000 378000 384000 390000 3
L 1

1
[plado Reban” ™\ Bawang <" _/sukorejo
- Plgntuhgan Tretep

1
T

Batur

9198600
1

©  Wonaboyo

T

Pejawatan

~ Candirata

Ngadirejo

\

Pagentan

Watumalang

9192000 9196000 9200000 9204000

;‘ Mojotengah

Vibnssabol
378000

g_

e s " O Emaa e
£ Centfiiava e’ A
AL = =~ &
Special Region Magx“,mEm Java

o 2 /

\

e
g

3

e

2 7 \ /

g - L

Q 0 P175035 \ p7 / |\
L. 2 Kf |
g \ ]) {
§ /

z { {
°

4

/
T
9198600

\

L
/
/ /
/ /
L
T
9198000

9197400

\ \ \
N ! Legend n
‘ \ J. Sarpling Sites
T \;\7 Rivér i

LANDUSE
- ‘Faré\Gmund E
|_r| Glosed Shrubland

| J*Cr\ég)land

= Flgﬁqg Net Cages

[ | Grgiss Land

- Ml‘ged F\brest /
i - Opz{n Sl‘lrubland (
“\ =] u:bth and Buuvu}{
] m Water| _—~_ 4 &

| /

i A
\

T
9196800

9196200

I

! o
T T
382200 382800

=
381600

T
381000

Figure 1. Location of Menjer Lake in Wonosobo, Central Java, Indonesia along with the
designated sampling sites.
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2.3. Heavy metal risk assessment
analysis
2.3.1. Enrichment Factor (EF)
The EF is used to evaluate the
contamination and pollution of heavy metals
from anthropogenic activity (Li et al., 2022).

The EF is calculated using Equation 1:
EF = ((g) sample) / ((g) background)

where A is the element concentration in the
observed sample, while B is the reference
element concentration in a sample. The
value of EF is calculated by the ratio between
the observed heavy-metal concentration
((A/B) sample) and the stable concentration
of heavy metals with standard samples
((A/B) background). EF can be categorized
by the value in sediment: EF < 1 indicates no
enrichment; 1 <EF < 3islow; 3<EF<5is
moderate; 5 < EF < 10 is moderately severe;
10 < EF < 25 is severe; 25 < EF < 50 is very
severe; and up to 50 is highly severe (Yuan
et al., 2022).
2.3.2. Geo-accumulation Index (Igeo)
Most studies assess the environmental
risk posed by sediment by considering the
background concentration of heavy metals.
The background concentration of heavy
metals in lake sediment varies due to
different geological settings and land use
types (Birch, 2017; Xu et al, 2020).
Therefore, this study utilized Igeo to
determine the level of heavy metal
contamination in the sediment. The
background values were adopted from
previous research on rivers in volcanic areas
(Fadlillah et al, 2023). The (Igeo) was
calculated using Equation 2:

Cn ...Eq 2.
1.5 Bn

Igeo = Log2

...Eq 1.
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where Cn shows the metal concentration in
sediment samples, while Bn is the metal
concentration reference. The value of Igeo <
0 is unpolluted; 0 to 1 is lowly polluted; 1 to
2 is moderately polluted; 2 to 3 is moderate
to highly polluted; 3 to 4 is highly polluted; 4
to 5 is high to extremely polluted; above 5 is
extremely polluted (Xu et al/, 2020; Yuan et
al., 2022).

3. Results and discussion
3.1. Heavy-metal concentrations

The heavy metal concentrations in
Menjer Lake were found to be significantly
lower, approximately 40 times less, than
those observed in other Indonesian lakes
and reservoirs, such as the Saguling
Reservoir, where anthropogenic and
industrial activities contribute to higher
pollution levels (Wardhani et a/, 2018). For
instance, in the Saguling Reservoir, Pb, Cr,
and Cd concentrations were measured at
40.2, 165.25, and 16.68 mg kg?,
respectively. This contrast underscores
Menjer Lake's relatively low exposure to
pollution. Additionally, comparisons with
international lakes reveal that Menjer Lake's
concentrations of Pb, Cr, Fe, Al, and Cd are
lower than those in lakes like Erhai Lake (Lin
et al, 2016) and Lake Taihu (Xu et al,
2020), yet higher than Uchalli Lake in
Pakistan (Aftab et al, 2023), with Cd levels
being the lowest among all metals in Menjer
Lake.

Table 1 illustrates a slight decrease in
metal concentrations in 2023, except for Fe
and Al levels (Menjer Lake). Cr and Cd
concentrations were undetectable due to
their minimal amounts. Furthermore, no
significant changes in watershed
management or land use were observed
across the different sampling years.
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Table 1. Concentrations of heavy metals in the sediment of Menjer Lake

Heavy-metal

Name of sample C . 1 Pb Cr Fe Al Cd
oncentration (mg kg™)
Menjer Lake? Mean 0.129  0.050 9.038 59.858 ND*
(n=8) Min 0.067 0.023  0.110 0.110  ND*
Max 0.207 0.061 25.790 266.940 ND*
Mean 0.085 ND*  24.234 35.473 ND*
Menjer Lake® Min 0.030 ND* 0.880 5177 ND*
(n=28) Max 0.149  ND* 82.740 105720  ND*
Soil samplesC T1 0.101 ND*  88.100 64.517 ND*
(n = 3) T2 0.134 ND*  92.500 96.043 ND*
T3 0.100 ND*  67.040 72.066 ND*
Background value? 0.170 0.020 28.820 32.830 ND*

aSediment samples taken in the year 2022. *Sediment samples taken in the year 2023. ‘Sediment samples
taken from cropland in the catchment area of Menjer Lake. 9Background value from previous research
related to Winongo River (Fadlillah ef a/, 2023). ®Heavy metal concentrations in mean value. * Not

detected

3.2. Spatial distribution of heavy
metals in sediment

Menjer Lake is a deep volcanic lake with
a maximum depth of over 36 m (Figure 1).
The bathymetry of this lake, shown in Figure
1, displays a remarkably steep slope of lake
topography, suggesting that sediments may
have accumulated in the deep areas of the
lake. The sediment sampling was conducted
in the litoral zone up to 17 m depth of the
lake due to the limitations of the grab
sampler. The spatial distribution shows
spatial consistency for each heavy metal
related to the sampling sites and the
corresponding land use from the samples
taken in different years.

Table 2. Pearson correlation matrix for
heavy metals in the lake-surface and
cropland sediments in the year 2023

Heavy-metal

correlations PP Cr Fe Al Cd
Pb 1

Cr - -

Fe .86* - 1

Al .88* - 2% 1

cd - e e

The spatial distribution of heavy metals is
shown in Figures 2 and 3. The highest Pb

values in 2022 were recorded at points S3
and S5, while the highest Pb value in 2023
was observed at point S3. Meanwhile, the
spatial distribution of Fe metal shows a
similar pattern in 2022 and 2023. High Fe
values are found at points S3 and S4, while
low Fe values are found at points S6, S7, and
S8. The highest values for Al metal in 2022
were found at points S4 and S5, whereas the
highest values were at points S4 and S6 in
2023.

The results of the correlation analysis
(Table 2) and the spatial distribution patterns
indicate a strong correlation between
locations with Al, Pb, and Fe metals. The high
metal concentrations are observed in
adjacent locations, specifically at points S3,
S4, S5, and S6, which are influenced by
floating net cages and agriculture (Wang et
al., 2018).

Regarding the distribution of Cr metal,
the highest concentrations were found at
points S4, S5, and S1 in 2022. Due to the
instrument detection limit, the Cd metal
results for 2022 and 2023 cannot be
presented in spatial form. Similarly, the Cr
value for 2023 cannot be presented spatially
as well as cannot be calculated for EF and
Igeo.
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Figure 2. Spatial distribution of heavy metals in 2022
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Figure 3. Spatial distribution of heavy metals in 2023

3.2. Assessment of heavy metal
pollution in the sediments
The EF and Igeo methods are utilized in
this research to characterize geochemical
accumulations and compare them with
background values from other regions (Tepe

33

et al., 2022). In this study, the background
value for heavy metals is taken from the
Winongo River (Fadlillah et al, 2023), as
there is limited research on heavy metals in
lakes, especially volcanic lakes. The similar
lithological settings between the river and
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Menjer Lake suggest that they may receive
similar concentrations from runoff originating
from parent rocks rather than comparing
them to reservoirs. Barbieri (2016) also
states that the background values usually
came from the natural substance of sail,
which has a similar composition to
mineralogy. That is why parent material or

similar geological sources were more
significant in choosing background values.

Table 3 displays the average EF values
for 2022 and 2023, with the average heavy
metals EF values ranked as follows: Al > Cr
> Fe > Pb > Cd. Pollution levels in Menjer
Lake are categorized as follows: no
enrichment (Pb), low enrichment (Cr and
Fe), and moderate enrichment (Al).

Table 3. EF and I4e, value for five heavy metals from lake-surface sediment

Name of Heavy-metal
Concentration Pb Cr Fe Al Cd*
sample (mg kg™
mean 0.68 2.59 1.19 3.04 ND
EF Value min 0.17 1.15 0.003 0.003 ND
max 1.21 3.05 2.87 8.13 ND
(n =16)
Pollution level No . LOV\.’ LOV\.’ Merrate ND
Enrichment Enrichment Enrichment Enrichment
mean -1.28 0.73 -1.54 -0.09 ND
Igeo value min -3.08 -0.38 -8.61 -8.8 ND
(n = 16) max -0.3 1.02 0.93 2.43 ND
Pollution level  Unpolluted :;zm?c'e d Unpolluted  Unpolluted ND

*ND Detection Limit: cannot proceed with the calculation.

Additionally, heatmaps were used to
analyze the results of each sampling site
analysis for each metal parameter. The EF
heatmaps are presented in Figures 4 and 5,
while the Igeo heatmaps are displayed in
Figures 6 and 7. The EF and Igeo heatmaps
for 2022 and 2023 exhibit variations,
particularly in the Cr EF values. The EF value
for Cr in 2023 falls within the low to
moderate enrichment range, ranging from
1.15 to 3.05. For the other metal contents,
such as Al and Pb, the EF in 2023 ranged
from 0.003 to 8.13 and from 0.394 to 1.218
for Al and Pb, respectively, showing a slight
decrease from the EF in 2022. The EF value
in 2023 ranged from 0.158 to 3.22 and from
0.176 to 0.876 for Al and Pb, respectively.
However, the Cr value in 2023 significantly
decreased and went undetected. The
primary sources of Cr metal in Menjer Lake
potentially include soil weathering, as

34

described in the study of Swarnalatha et al.
(2013).

Furthermore, the Igeo value for Cr in
2022 also demonstrated unpolluted to lowly
polluted (—0.4 to 1.0). The negative value
indicates that the samples were low polluted
or unpolluted (Xu et al, 2020; Li et al,
2021). The Igeo results for Al and Pb also
display a significant decrease for Al and Pb.
The values ranged from —8.9 to 2.4 and from
-1.9 to -0.3 for Al and Pb in 2022,
respectively, while the Igeo values ranged
from —3.2 to 1.1 and from —3.1 to —0.8 for
Al and Pb in 2023, respectively.
Simultaneously, the Fe value 2023 exhibits a
noticeable increase in EF and Igeo results.
Meanwhile, Cd remains undetected.

The comparison of EF and Igeo values
between different years (2022 and 2023)
yielded similar results, as reflected in the
consistent patterns shown in the heat maps
for each heavy metal. Menjer Lake's pollution
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level is classified as either unpolluted or lowly
polluted, with a general trend toward
decreasing pollution for Al, Pb, Cd, and Cr.
This decrease in concentration could be
attributed to changes in the sources of these
metals (Zhou et al, 2020). For instance,
fertilizer use has been reduced in the areas
surrounding the lake. Additionally, several
agricultural zones in the lake's vicinity have
been transformed into public spaces,
contributing to the decrease in pollution
levels observed. Conversely, the
concentration of Fe is observed to be
increasing over time. These fluctuations in
heavy-metal concentrations across periods
suggest alterations in lake bottom sediment
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Figure 4. Enrichment factor heatmaps of
heavy metals in Menjer Lake year 2022
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Figure 5. Enrichment factor heatmaps of
heavy metals in Menjer Lake year 2023

due to resuspension, transport, and
deposition processes (Ali et al., 2022), likely
influenced by hydrodynamic processes in the
deep and steep lake (Broberg, 1994).

The pollution level in Menjer Lake is
attributed to nonpoint sources and effluents
directly entering the lake bodies
(Swarnalatha et al, 2013). However, in
protected areas like Menjer Lake, the sources
of heavy metal pollution are identified as
limited. The surrounding land, primarily
covered by forests, croplands, and fishing
caged nets for aquaculture, exhibits minimal
contamination from heavy metals (Sojka et
al., 2022).
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Figure 6. Igeo heatmaps of heavy metals in
Menjer Lake year 2022
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Figure 7. Igeo heatmaps of heavy metals in
Menjer Lake year 2023

*)Please note that the scales depicted in the images differ.
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4. Conclusion

The study delves into analyzing heavy
metal spatial distribution, sources, and
associated pollution risks, explicitly focusing on
Pb, Cr, Fe, Al, and Cd concentrations in surface
sediments  within  Menjer Lake. This
investigation established correlations between
sediment and agricultural soil samples,
particularly for Pb, Cr, and Fe. The spatial
analysis highlighted elevated heavy metal
concentrations in areas like S3, S4, S5, and S6,
attributed to activities such as floating net
cages and agriculture. Furthermore, the lake's
steep morphology contributed to the
distribution pattern along its shores.

The Igeo analysis for 2022 and 2023
classified pollution levels as "unpolluted" and
"lowly polluted," respectively, while EF results
indicated varying degrees of enrichment from
"no enrichment" to "moderate enrichment."
Despite some pollution, Menjer Lake remains
relatively unpolluted, mainly due to protective
measures in its catchment area. Additionally,
projections suggest a decrease in heavy metal
pollution levels by 2023, particularly for Al, Cd,
Cr, and Pb. Continued research into sediment-
related risk assessments in Indonesian lakes is
imperative. Sediment is a crucial environmental
indicator, offering insights into pollution extents
and accumulated contaminants, guiding future
environmental management strategies.
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Abstract: Textile industries contribute significantly to the economy but release harmful pollutants into the
environment, especially rivers. The effluent from the textile industry contains toxic dyes that can harm the
river ecosystem. Several studies have been conducted to reduce toxic dyes in a river system using bentonite
as an adsorbent to reduce river pollution effectively. However, the effectiveness of bentonite still needs to
be tested again using textile liquid waste that has not gone through any waste processing at all. Citarum is
one of the main rivers on Java Island, which suffers from textile effluent, especially azo dyes which are toxic,
mutagenic, and carcinogenic which can harm the aquatic ecosystem. Therefore, this study aims to implement
natural bentonite as an adsorbent to remove dyes from textile wastewater. We performed a laboratory test
to adsorption on bentonite and textile wastewater considering the variation of adsorbent weight of 10 g and
20 g in 100 mL of textile wastewater stirred in an Erlenmeyer flask at room temperature for 0-300 minutes.
The initial concentration of textile wastewater used was 10%, 30%, and 50%. We found that the maximum
dye removal efficiency was 91.25% with 10% initial concentration treatment, 20 g adsorbent weight, and 60
minutes contact time. Longer contact time will increase the removal efficiency and adsorption capacity, while
higher adsorbent dosage will decrease the concentration of dyes in wastewater. Efficient textile wastewater
treatment has improved water quality, effectively meeting river water quality standards and environmental
regulations.

Keywords: Natural Bentonite, Dye removal, Textile wastewater, Adsorption, River pollution, River Citarum
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1. Introduction in aquatic bodies is caused by the release of
The textile sector is a major force behind untreated or improperly treated wastewater,
commerce, innovation, and employment which contains a range of toxins, including
growth on a worldwide scale. Unquestionably, synthetic dyes. These dyes are essential for
it has fueled economic expansion by supporting producing vibrant color in textiles, but they
millions of people and increasing consumer pose a significant environmental risk due to
demand for a wide variety of textile and their toxicity, persistence, and tendency to
clothing products (Rahman & Tabassum, bioaccumulate in aquatic habitats (Kusmierek
2024). Instead due to the textile industry's et al, 2023).
rapid expansion and intensification, there are To date, the dye removal process in textile
now a lot more environmental risks, especially liquid waste has been widely carried out using
those related to water contamination. Pollution several processes, namely physics, chemistry,
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and biology, as well as a combination of these
three processes. Some methods that have
been developed include  coagulation,
sedimentation, activated sludge, and
adsorption methods. Adsorption is the easiest
way to apply (Suryawan et al, 2018). In
practice, adsorption requires an adsorbent as a
binder or contaminant absorber. Bentonite is
one of the adsorbents that can be easily found
and cheap. Bentonite can reduce dye levels in
textile liquid waste. Bentonite content consists
of illite, montmorillonite, and quartz, where
85% of the content is montmorillonite (Aichour
& Zaghouane-Boudiaf, 2020; Dhar et al., 2023;
Khan et al, 2023). The unique property of
natural bentonite is that it has the ability to
swell and form colloids when put into water.
The swelling ability of bentonite is quite large.
This swelling ability makes bentonite an
adsorbent with a greater adsorption capacity
than other adsorbents (Tahari et al, 2022).
Therefore, bentonite is suitable for use as an
adsorbent in reducing dyes in textile liquid
waste. Apart from its low cost, it is also
abundant in nature. Research on bentonite
used as an adsorbent in degrading dye levels
has proven its versatility. Bentonite is able to
reduce methylene blue (Boukerroui, 2020) as
well as cation and anion dyes Li et al., 2018).
Natural bentonite is proven to be able to reduce
dyes from various kinds of artificial waste such
as methylene blue solution with an adsorption
capacity of 73.25 mg/g and congo red 73.25
mg/g using natural bentonite from Algeria
(Oussalah et al., 2019), while natural bentonite
from Iraq can reduce methylene blue by 256
mg/g (Jawad et al,, 2023), reducing dyes from
Rodhamine solution by 142.86 mg/L(Priatna et
al., 2023). Of all these studies, no research has
tested natural bentonite directly on the original
waste. The condition of textile wastewater in
the final reservoir is a collection of several
production processes that not only contain one
dye but a combination of various types of dyes
used during the production process.

One glaring illustration of the detrimental
impact of textile effluent pollution is the
Citarum River in Indonesia. Thousands of
businesses along the Citarum River watershed
in the Bandung area of West Java are engaged
in the textile industry (Susanti et al., 2023).
The river used to have clear water and
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abundant biodiversity but has now been
severely contaminated due to the overflow of
wastewater from the surrounding companies.
The wastewater from these companies contains
many contaminants such as heavy metals,
dyes, and other chemicals, that are discharged
directly into the river without treatment. As a
result, the Citarum River has poor water
quality, which has resulted in the destruction of
aquatic habitats, deterioration of human
health, and disruption of community livelihoods
(Prayoga et al, 2022). The urgency in
conducting this research is to address the
underlying causes of contamination and
implement effective remediation procedures to
restore the integrity and health of the Citarum
River. This urgency is further emphasized by
Presidential Regulation No. 15/2018, which
underscores the government's commitment to
controlling pollution and protecting
watersheds.

Based on the urgent need to mitigate textile
wastewater pollution in the Citarum River, the
objectives of this study are to determine the
performance of bentonite as a natural
adsorbent in adsorbing textile effluent dyes in
terms of removal efficiency, adsorption
capacity, and its effect on water quality. This
study's results will serve as a reference for the
textile industry in adopting waste treatment
technologies that minimize environmental
impact, thus promoting sustainable practices
and reducing pollution discharges into the
Citarum River and similar water bodies.
Therefore, while the primary focus of the study
may not be directly on the Citarum River, its
findings have significant implications for
mitigating pollution in this critical waterway and
addressing the broader environmental
challenges associated with textile wastewater
contamination.

2. Materials and Methods

2.1. Materials

This research was conducted at the Testing
Laboratory in the Research Center for
Limnology and Water Resources, BRIN, Bogor,
from January to March 2023. The tools used
include a rotary shaker, UV-Vis
spectrophotometer Shimadzu 1800, analytical
balance, volumetric pipette, Erlenmeyer, 100
mL bottle sample, aspirator, filter paper, test
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tube, 100 mesh sieve, tray, beaker glass and
water quality checker (WQC). The materials
used include powdered bentonite, textile liquid
waste, and dyestuff analyzers.  Untreated
textile liquid waste was taken from PT. X in
Bandung, West Java. PT. X is one of the large-
scale textile industries, with tens of millions of

meters of fabric produced annually. Waste
from the production process has been partially
processed, but it is still thick in color (Figure 1),
which, if discharged directly into the river, will
pollute the waters.

Figure 1. Visualization of textile wastewater from PT. X in Bandung, West Java

2.2. Batch Adsorption

Testing for dye reduction was carried out in
batches by adding 10 g and 20 g of bentonite
to 100 ml of diluted wastewater with three
variations, namely 10%, 30%, and 50%. The
solution was stirred at 125 rpm for intervals of
10, 30, 60, 90, 120, 150, 180, 210, 240, 270
and 300 minutes. The suspension was then
filtered using a cellulose nitrate filter with a
pore size of 0.45 um and the dye concentration
in the supernatant with Pt-Co standard solution
using a UV-Vis Spectrophotometer at a
wavelength of 456.2 nm. The literature reports
on dye adsorption were the basis for selecting
these process variables and value ranges (Jamil
et al, 2023). The schematic of the batch

adsorption process is illustrated in Figure 2.
The dye removal efficiency was calculated
using Equation 1 and the adsorption capacity
was calculated using Equation 2.

%R = 2% 100 % (1)

(2)

l v
q= (Ci— Ct);

where Ci and Ct are the initial concentration of
dye in the waste and at time t (mg/L), %R is
the absorption efficiency, q is the adsorption
capacity (mg/g), m is the adsorbent mass (g),
and V is the wastewater volume (L).
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Figure 2. Schematic of dyes adsorption process using bentonite
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The study in this research limits the testing
of color reduction from textile effluents at a
laboratory scale. Batch adsorption studies
provide useful insights at laboratory scale but
may not directly translate to large-scale
industrial applications.  Limitations in this
research include not accounting for the effects
of pH changes on bentonite adsorption capacity
and not addressing bentonite regeneration and
reuse. Variations in pH can significantly affect
adsorption efficiency, and the lack of
consideration for bentonite reuse affects the
assessment of the feasibility and economic
sustainability of the process in real-world
applications.

3. Results and discussion

In this research, we focused on the analysis
of textile waste obtained from the local textile
processing industry because it has a
characteristic of a striking red solid color,
representing a significant problem in industrial
waste management. We managed to measure
the concentration of dyes in the waste, with
results reaching 2,720.67 Pt-Co units. The
intense red color observed in textile wastewater
indicated the presence of intense and possibly
persistent dyes in the environment. Some
textile dyes that often produce red liquid waste
include reactive, acidic, direct, and azo dyes,
which can significantly negatively impact the
environment and human health (Al-Tohamy et
al., 2022).

The high concentration of this liquid waste
required dilution measures to facilitate further
analysis and testing. This study showed textile
effluent dilution ranging from 10% to 50%, as
illustrated in Figure 1. Textile wastewater
exhibits varying characteristics depending on
the dilution concentration (Table 1). Dilutions
in the 10-100% range at relatively the same
temperature and pH conditions in each
condition have very high color concentrations.
Therefore, three concentrations were chosen
that represent the performance of bentonite in
reducing  dyes, namely at dilution
concentrations of 10%, 30%, and 50% with
concentration values of 445.67 Pt-Co, 1,122.33
Pt-Co, and 1,774 Pt-Co, respectively.
Wastewater with a concentration of 100%—
meaning the original waste without additional
solvent (distilled water)—was not tested
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because it is highly concentrated, with a dye
concentration of 2,720.67 Pt-Co, and may
require pre-treatment to avoid clogging and
damage to the adsorbent. The pH conditions
of the solution can affect the adsorption
process between bentonite and dyes in effluent
(Priatna et al., 2023). In the pH range of 6.87
to 8.67 observed in this study, these conditions
are generally favorable for dye adsorption by
bentonite. At higher pH, there is usually an
increase in the number of hydroxyl groups on
the bentonite surface, which facilitates
interaction with dyes that tend to be acidic. In
addition, higher pH can also increase the
ionization of dyes, which can increase the
electrostatic attraction between dyes and
bentonite surfaces (Patanjali et al., 2022).

Table 1. Characteristics of initial wastewater

Dilution Dyes
Concentration (Pt-Co T (°C) pH
(%) unit)
10 445.67 25.02 8.67
20 529.00 25.10 8.50
30 1,122.33 25.31 8.27
40 1,430.67 25.88 6.64
50 1,774.00 25.97 6.87
100 2,720.67  26.00 6.03
3.1. Effect of Contact Time on Dye
Removal Efficiency in Textile
Wastewater

At the start of the contact time, the
effectiveness of removing dye from liquid waste
textiles grows exceptionally quickly. It then
keeps getting better throughout each phase of
the contact time until it reaches its peak, after
which it starts to decline. Adsorption increases
with increasing contact time due to increased
interaction between adsorbent and adsorbate
so that the allowance efficiency value can
increase to the equilibrium point (Marella
2019). The equilibrium condition is usually
characterized by the point at which the
absorption or adsorption of a particular
substance by the adsorbent reaches its
maximum point before reaching saturation
(Parlindungan et al., 2019; Vithalkar & Jugade,
2020). In this study, it was seen that the
reduction efficiency rose steadily until 150
minutes, after which the concentration slowly
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continued to fall. The rapid change in the initial
contact time is due to the large number of
active sites on the bentonite adsorbent surface.
The slowing down of the adsorption process as
contact time increases due to the active sites
on the adsorbent beginning to be occupied by
dye molecules so that the adsorption process
becomes constant and tends to decrease
(Chauhdary et al., 2022; Huang et al., 2017).
Adding 20 g of bentonite gives a higher
efficiency value than 10 g (Fig. 3), with a

maximum value of 91.25% in 60 minutes. The
increase in color removal efficiency value with
increasing adsorbent weight occurs due to a
larger surface area and the availability of more
adsorption sites (Guezzen et al, 2023; Jawad
et al, 2023). Relatively low removal
effectiveness resulted from the adsorbent's
surface becoming saturated with dyes when its
weight is low, even when the concentration of
dyes in textile liquid waste remains high.
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Figure 3. Effect of contact time for dye efficiency removal in textile wastewater

3.2. Effect of Dose for Dyes Adsorption

Capacity by Bentonite

The adsorption capacity decreases when
larger adsorbent weights are used. The
addition of bentonite by 10 g showed that an
increase in solution concentration had a
significant impact on the rise in bentonite
adsorption capacity in absorbing dyes, while
the addition of weight by 20 g presented that
the increase in solution concentration did not
significantly affect the adsorption capacity
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(Figure 4). This occurred because increasing
the amount of adsorbent minerals led to
particle aggregation, resulting in a decrease in
surface area and an increase in diffusion path
length. In addition, increasing the amount of
adsorbent causes the number of saturated sites
per unit adsorbent to decrease, decreasing
adsorbent capacity (Majiya et al., 2023). This
implied that a portion of the adsorbent surface
remained exposed.
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Figure 4. Effect of adsorbent dose to dyes adsorption capacity by bentonite

At equilibrium conditions, namely within
150 minutes, it can be seen how the initial
concentration of waste affects the reduction
efficiency and adsorption capacity. The two
graphs in Figure 5 indicate that the greater the
percentage value of the initial concentration of
textile liquid waste, the increased adsorption
capacity value while the allowance efficiency
value decreases. The adsorption capacity
increases to a specific concentration along with
the increase in the initial concentration of
effluent, which aligns with previous research
(Albadarin et al, 2017; De Gisi et al., 2016).
The increase in adsorption capacity revealed
that active sites are still available on the
adsorbent surface that can adsorb textile liquid
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waste dye molecules. Decreased obstruction of
mass transfer between adsorbents and
adsorbates when there is a greater
concentration difference can also be a cause
(Moosavi et al., 2020). At the beginning of the
adsorption process, the number of adsorbate
molecules competing to reach the active side
on the surface is very high. While at low
concentrations, the adsorption vyield (the
amount of substance successfully absorbed by
the sorbent in the adsorption process) becomes
higher due to the small ratio between the dye
molecules and the available active side.
Moreover, at high concentrations, the pushing
force of the adsorbate molecules is higher, so
the number of adsorbed molecules is greater.
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Figure 5. Effect of concentration on removal efficiency and adsorption capacity

3.2. Enhancement of Water Quality

The results revealed that wastewater
quality improved after being treated with
bentonite. ~ Water quality parameters after
treatment were measured under maximum
efficiency conditions, namely 10% solution
concentration, 20 g dose, and 60 minutes. The
analysis showed that the color concentration
decreased from 445.67 Pt-Co units to 39 Pt-Co

43

units (%R= 91.25%), so water turbidity also
reduced from 648 NTU to 330 NTU. The
dissolved oxygen content also rose to 9.77
mg/L, TDS to zero. These parameter values
follow class 3 water quality standards intended
for fishery activities based on Government
Regulation 22 of 2021(Table 2).
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Table 2. Water Quality of textile wastewater before and after treatment

Before

After

Parameter Unit Threshold®
treatment treatment
Dyes Pt-Co unit 445.67 33.00 100
Turbidity NTU 648.00 330.00 400
Total Dissolved Solid (TDS) mg/L 198.00 0.00 1,000
Dissolved Oxygen (DO) mg/L 5.13 9.77 3
ORP mV 20.00 -69.00 -

“IClass 3 water quality threshold based on Government Regulation No. 22 of 2021

Based on this water quality analysis, we can
also predict the mechanism of dye absorption
by bentonite. Bentonite is a clay mixture of
montmorillonite, kaolinite, smectite, and mica.
Montmorillonite is one of the main minerals
found in natural bentonite, and it has many
hydroxyl (OH) and oxygen (O) ions as well as
interchangeable cations(Kumari & Mohan,
2021). The high content of hydroxyl and
oxygen groups in bentonite provides several
advantages in its application as an adsorbent or
in cation exchange processes (Dehghani et al.,
2018). The change in ORP ( Oxygen Reduction
Potential) value from 20 mV to -69 mV after
textile wastewater treatment with bentonite
can be explained by bentonite's ability as a
reducing agent that reduces oxidative
compounds in the effluent, either through
cation exchange processes, adsorption of these
compounds, or a decrease in the concentration
of ions that tend to increase the ORP value,
such as heavy metal ions (Daily, 2019).
Therefore, treatment with bentonite effectively
reduces the oxidation ability of textile
wastewater and improves the overall quality of
wastewater by lowering pollution levels. The
increased dissolved oxygen concentration in
water after being treated with bentonite can be
caused by the large number of oxygen ions in
its structure that can interact with compounds
dissolved in wastewater (Ma et al, 2021;
Oktaviyani et al, 2023). This process may
cause the release of dissolved oxygen into the
water due to reactions between hydroxide ions
on the bentonite surface and organic or
inorganic compounds in the waste or due to
adsorption and cation exchange processes that
occur during treatment. Therefore, the rise in
dissolved oxygen in water after treatment with
bentonite may result from a complex
interaction between the oxygen and hydroxide
ions in the bentonite structure and compounds
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in the wastewater. The results of this study,
especially regarding the Citarum River, have
important implications for the remediation of
pollutants from textile effluent. The pre-
treatment wastewater quality indicated that
dissolved oxygen levels were within acceptable
limits for Class 3 water, which is deemed
suitable for agricultural and fishery activities
according to Indonesian  Government
Regulation Number 22 of 2021 on
Environmental Protection and Management.
However, the concentrations of dyes, turbidity,
and total dissolved solids (TDS) significantly
exceeded the permissible thresholds. Following
treatment, all water quality parameters
improved to favorable levels for use in fisheries
and agriculture.

Natural bentonite can effectively eliminate
dye contaminants from wastewater, providing
a cost-effective and environmentally friendly
solution to reduce river pollution. To maximize
the efficiency of bentonite-based treatment
systems in industrial settings, addressing
various challenges and considerations is
essential. These include overcoming issues
related to wastewater reuse and adsorbent
regeneration and optimizing operational
parameters such as pH, temperature, and
adsorbent dosage. Additionally, further
research through pilot-scale studies and
economic analyses is necessary to evaluate the
scalability and cost-effectiveness of bentonite-
based treatments.

4. Conclusion

The performance evaluation of bentonite as
a natural adsorbent to adsorb textile effluent
dyes resulted in 91.25% removal efficiency,
and the highest adsorption capacity is 14.667
mg/g. Post-treatment analysis showed that the
wastewater met river water quality standards
and complied with relevant environmental
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regulations.  This research highlights the
importance of natural bentonite's function as
an effective adsorbent for dye removal in textile
wastewater, thus offering a sustainable and
cost-effective solution to reduce pollution in
rivers such as the Citarum River. The results of
this study provide valuable insights for real-
world applications, highlighting the need for
further optimization of operational parameters
and exploration of synergies with other
treatment technologies.
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Abstract: This research utilizes photogrammetry to assess flood routing dynamics in the Contok river basin,
a sub-watershed with a challenging landscape characterized by steep slopes, dense vegetation, and
meandering patterns. The objectives are to assess Unmanned Aerial Vehicle (UAV) mapping accuracy,
evaluate the river's capacity for design flood volumes, quantify the impact of land cover changes on surface
runoff, and provide insights for early warning systems and watershed conservation strategies. The study
area, encompassing the Contok River Basin, a sub-watershed of the Garang Watershed, covers 7,413 km?2
and includes a stream length of 5,274 meters in Semarang City, Central Java, Indonesia. This research
employed image processing of aerial photographs and satellite imagery. Aerial photos captured using UAV
data were utilized to derive elevation data and cross-sectional profiles of the Contok River, essential for
understanding channel morphology and hydraulic characteristics. Concurrently, satellite imagery was used
for land cover analysis, identifying vegetation and built-up areas that influence surface runoff dynamics.
Hydrological analysis was performed to quantify discharge magnitudes, simulated against river cross-sections
to evaluate flood behavior under varying scenarios. Our proposed UAV mapping provides adequate accuracy
for small and local areas. Furthermore, it remains reliable for flood routing analysis. We discovered that the
capacity of the Contok River channel in the downstream area allows it to convey design flood discharges up
to a 50-year return period, contrary to the upstream area, it overflows. Notably, the shift from vegetated to
built-up and agricultural areas significantly contributes to the 10.6% increase in surface runoff. This research
highlights the role of UAV-based photogrammetry in assessing and mitigating flood hazards amidst evolving
land cover patterns. It also enhances the understanding of flood dynamics and thus provides insights that
will serve as a reference for flood early warning systems, flood management practices, and watershed
conservation.

Keywords: UAV-Mapping, Photogrammetry, Flood-Routing, Surface-Runoff, Land-Cover-Changes
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1. Introduction regulation of water. Utilization of water

Water resources management is the effort resources focuses on using water for fulfilling
to plan, implement, monitor, and evaluate the needs such as clean water supply, irrigation,
administration of water resource conservation, hydropower generation, water transportation,
utilization, and control of water damage and so on. On the other hand, water regulation
(Indonesia, 2019). According to Triatmodjo is oriented towards controlling water damage,
(2008), water resources management is ensuring that excess water does not lead to
divided into two main activities: utilization and disasters (Triatmodjo, 2008).
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The common phenomenon extensively
studied regarding excess water is flooding.
Flooding is a condition where the flow of a river
exceeds the capacity of its channel, resulting in
overflow or inundation (BSN, 2022). Suripin
(2004) defines flooding as a condition where
water exceeds the drainage channel's capacity
or the flow of water in drainage channels is
obstructed. Excess water can be caused by
various factors, one of which is an increase in
rainfall intensity, characterized by a dynamic
and significant rise in precipitation (Kodoatie &
Sugiyanto, 2002).

Floods are one of the disasters that occur
quite frequently in Indonesia. Floods ranked
third with a frequency of occurrence of 320
times, with the highest occurrence being 1,625
for forest and land fires followed by landslides
with 360 occurrences (BNPB, 2023). Knowledge
of potential flood threats is essential to provide
early warnings, which can help in estimating
community preparedness (BSN, 2022).

To estimate the potential flood threat, flood
routing is commonly conducted. Flood routing
is @ method used to determine the timing and
flow rate (hydrograph) at a specific point in the
flow based on the upstream hydrograph
(Triatmodjo, 2008). The determination of flow
discharge is often approached using volume
conservation, as seen in the Muskingum
method for flood routing (Fenton, 2019). A
simple method in flood routing uses a volume
conservation approach, where the flow is
considered as a prism. This method requires
data on the flow discharge and the cross-
sectional area of the stream (Fenton, 2019).

Accurate river cross-section data is
necessary for flood routing. However,
conducting geodetic terrestrial surveys for
cross-section mapping is time-consuming,
labor-intensive, and costly (Uysal et al., 2015).
Consequently, there is a lack of data on
challenging landscapes characterized by steep
slopes, dense vegetation, and meandering river
patterns. Our Study area, the Contok
Watershed, is situated on the lower slopes of
Mount Ungaran, at an elevation ranging from
191 to 367 meters above sea level, with an
average slope of 15% and a maximum slope of
35%. The river's total length across all orders
is 9.246 kilometers, exhibiting a dendritic
drainage pattern. Based on remote sensing
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image analysis, nearly 60% of the Contok
Watershed is covered with dense vegetation.
Furthermore, 80% of the river channel is
beneath the canopy cover, making direct aerial
observations of the river channel are
challenging.

The photogrammetry approach offers a
solution for mapping in a remote, challenging
landscape, and poorly mapped area.
Photogrammetry combines art, science, and
technology to obtain reliable information from
photographic images (Lillesand & Kiefer, 1998;
Rachmanto & Ihsan, 2020). Additionally, the
use of photogrammetry with UAVs/drones is
particularly suitable for large-scale
measurement and mapping (Harfan et al,
2019). In river morphometric data acquisition,
photogrammetry processes overlapping aerial
photos to create orthophoto maps and line
maps (Marjuki et al., 2019).

An orthomosaic procedure, as part of
photogrammetry, corrects aerial photos
geometrically to display objects accurately
(Ikhwan et al, 2021). Its primary purpose is to
provide up-to-date visual information, identify
specific objects, and monitor infrastructure
conditions (Park et al, 2022). Furthermore,
orthomosaic techniques are valuable for large-
scale mapping, including infrastructure, urban
areas, disaster management, water resources,
coastal regions, and forestry.

UAV-based photogrammetry efficiently
captures detailed images of land cover,
especially in small areas with low flight heights
(Turner et al., 2015). It can meet the demand
for acquiring elevation data and ortho-
photomosaic with a high spatial resolution of up
to 10 cm (Rusnadk, et al., 2018). Consequently,
it has become an ideal method for assessing
vegetation dynamics along riverbanks,
analyzing river channel morphology after
flooding, studying lateral river expansion, and
reconstructing submerged channel topography
(Dunford et al, 2009; Hervouet et al., 2011;
Michez et al, 2016; Tamminga et al., 2015;
Vericat et al, 2009; Woodget et al., 2014).

Mapping wusing UAV has significant
importance in various scopes, such as
cartography, environmental monitoring, and
urban planning (Daud, et al, 2022). The
application of UAVs is also effective in erosion
and flood surveys, as UAVs can continuously
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produce 2D and 3D images in a short amount
of time in the field (Duo et al, 2018).
Additionally, UAV can be used for continuous
monitoring and mapping of natural disasters
(Kim et al., 2019).

Advanced technology, UAVs can assist in
mapping by monitoring the elevation of the
study area over time (Young et al.., 2021). In
addition, UAVs are also considered more cost-
effective with reasonably good accuracy
compared to traditional surveys for spatial data
collection (Hill, 2019).

The use of UAVs as data acquisition tools
has been highly successful in the field of
hydrology, particularly for modeling flood
hydraulic characteristics. This success is
bolstered by the high-resolution topographic
data acquired from UAV mapping of river
channels and floodplains (Feng et al, 2015;
Annis, et al, 2020; Karamuz et al, 2020).
DEMs of topographic data are one of the
primary sources used in hydraulic modeling and
flood inundation mapping (Saksena &
Merwade, 2015). DEM represents the elevation
of the ground surface in the form of a digital
model, which can be utilized to identify the
slope or gradient of an area (Mabrur &
Agustina, 2022). This data is essential for
representing information about land surfaces
that have been inundated or showing the
direction of water flow during floods.
Therefore, data acquisition using UAV
platforms can enhance the effectiveness of
preventive and systematic disaster
management (Kim et al,, 2019).

Nevertheless, research on flood routing in
steep, densely vegetated areas is limited. While
many studies have examined flood dynamics
across various terrains, the unique
characteristics of regions with extreme slopes
and dense vegetation are understudied.
Previous research has focused on flat or
moderately sloped areas, neglecting specific
aspects such as the effects of steep slopes on
infiltration, evapotranspiration, and flow
resistance by vegetation. This study addresses
this gap by using aerial photography for
detailed hydrological and topographical
analysis. There is an urgent need for more
research to develop accurate aerial photo-
based models and effective flood mitigation
strategies for steep, vegetated regions.
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Therefore, the research objectives are to:
first, assess the accuracy of UAV mapping in a
challenging setting, such as a steep and
densely vegetated river basin; second, conduct
a flood routing analysis to evaluate the storage
capacity of the Contok River channel for the
design flood volume; and third, quantify the
impact of land cover changes on surface runoff.
This research is expected to provide insights
that will serve as a reference for early warning
systems against flood threats and for
watershed conservation.

2. Materials and Methods

This research employed two analyses:
photogrammetric analysis, hydrological
analysis. Photogrammetric analyses were used
to determine the river's cross-sectional profile,
while hydrological analysis will be conducted to
obtain flood routing results. In addition, a
remote sensing data series was used to identify
the change in the runoff coefficient.

2.1 Study Area

The research location is Contok Watershed,
which is a sub-watershed of the Garang
Watershed. The Contok Watershed has an area
of 7,413 km2 with 5,274 km of stream length,
located in Patemon and Sekaran Village,
Gunungpati District, Semarang City, Central
Java Indonesia. Figure 1 is the map of the study
area.

2.2, Photogrammetric Analysis

In this study, photogrammetric mapping
aims to establish a geometric relationship
between an object and an aerial
photograph/image  and  derive  spatial
information about the object under study from
the photograph. The photogrammetry process
yields data in the form of land features
captured through aerial  photography.
Photogrammetry processes data quickly and
with high quality (Sutjipto et al,2017).
According to Putra et al (2023) The
photogrammetric mapping resulting data
includes various models such as the Digital
Elevation Model (DEM), Digital Terrain Model
(DTM), and Digital Surface Model (DSM).

The processing of aerial photos from UAVs
was conducted using Agisoft Metashape
software (https://www.agisoft.com/). This
software was used for image processing of UAV
acquisition data through the formation of
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mosaics with automatic tie point input, the
formation of three dimensions (point cloud),
and the extraction of DEM from the orthophoto.
The output produced is a three-dimensional
representation of the surface with coordinates
X, Y, and Z. The resulting orthomosaic is then
tested using the root mean square error

(RMSE) method, which involves comparing the
total difference in point displacements to the
number of sampled points. The accuracy values
are classified according to the Regulation of the
Indonesian Geospatial Information Agency
(BIG) number 15 of 2014 (BIG, 2014) as shown
in Table 1.
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Figure 1. Map of the Study area, Contok River Basin, a Sub-Watershed of Garang Watershed,
Indonesia

Table 1. Classification of Map Accuracy

Accuracy Map of RBI

No. Scale Class 1 Class 2 Class 3
CE90 (m) CE90 (m) CE90 (m)

1 1: 1,000,000 200 300 500

2 1: 500,000 100 150 250

3 1: 250,000 50 75 125

4 1: 100,000 20 30 50

5 1: 50,000 10 15 25

6 1: 25,000 5 7,5 12,5

7 1: 10,000 2 3 5

8 1: 5,000 1 1.5 2.5

9 1: 2,000 0.5 0.75 1.25

10 1: 1,000 0.2 0.3 0.5

Source: (BIG, 2014)
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2.3 Flood Routing

Flood routing was conducted using rainfall
data from Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS)
covering 20 years, from 2003 to 2022, retrieved
from the Climate Hazard Centre, UC Santa
Barbara website (UCSB, 2023). The design
flood was analyzed for 25-year and 50-year
return periods, using the rational method
calculation.

To track the river's storage volume in
response to accommodate the design flood
discharge, the Manning method was employed.
By examining the flow velocity values based on
the river bed slope and cross-sectional area,
simulations were conducted to assess the
river's storage capacity against 25 and 50-year
design flood discharges.

CONTOK
CATCHMENT
RIVER , HYDROLOGY LANDCOVER
MORPHOMETRIC ASPECT ASPECT
ASPECT
UAV ACQUSITION
l I RAINFALL DATA | REMOTE SENSING
DATA SERIES
PHOTO POST
PROCESSING
NTRIP l REALIBILITY & L
SSI 4 MULTISPECTRAL
(DIFFERENTIATL COY\NTS}I;STTH\ICY CLASSIFICATION
GNSS FLIGHT PATH
MEASUREMENT) AND EO CHECK l l
l l FREQUENCY ACCURACY TEST
I GCP | —>| PHOTO ALIGN | ANALYSYS l
l l LANDCOVER
I RMSE | BUILD DENSE HOURLY DATA SERIES
CLOUD, MESH. & RAINFALL
TEXTURE l
l RUNOFF
r— e — COEFFICIENT
ORTHOPHOTO RAINFALL I
CROSS & LONG FLOOD
SECTION HIDROGRAPH

A 4

UAV DATA FOR FLOOD ROUTING

ON STEEP TOPOGRAPHY
AND DENSE CANOPY RIVER

Figure 2. Flowchart diagram of the flood routing study using UAV data, precipitation data, and
remote sensing data series in the steep and densely vegetated areas of the Contok river basin, a
sub-watershed of the Garang Watershed, Semarang, Central Java, Indonesia
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There are several methods used in design
flood calculation, i.e. Mononobe method for
effective rainfall calculation (Equation 1),
Kirpich method for time of concentration
calculation (Equation 2), Rational method for
design flood calculation (Equation 3), Manning
method for defining the stream velocity based
on the steepness of the river cross-sectional
profile and its natural condition (Equation 4).
Generally, the more cross-sectional profiles will
result in a more precise simulation.

=[] <

where, I effective rainfall (mm), R-4: design
rainfall (mm), &: time of concentration (hour).

..Eq. 1

t. = 0,01947 x 077 x §70385 ..Eq. 2

where, f: time of concentration (hour), L

river/stream length (m), and S riverbed
steepness/slope.
Q=0278xCxIxA ..Eq. 3

where, @ design flood (m3/s), C runoff
coefficient I effective rainfall (mm)
A: catchment area (km?).

1

v==xR713x5" ..Eq. 4
n

where, v. stream velocity (m/s), n7: Manning
roughness coefficient, R: Hydraulic radius, S
slope.

Figure 2 shows a summary of each step
used in this research. Image processing is
conducted for both aerial photographs and
satellite imagery. Aerial photographs were
processed to obtain the elevation data and the
cross-sectional profiles of the Contok river,
while satellite imageries were used for land
cover identification analysis. On the other hand,
hydrological analysis was performed to
determine the discharge magnitude and further
simulated against the river cross-section
profiles. This study serves as a flood mitigation
effort, by identifying areas of the river with
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lower capacity due to variations in cross-
sectional heights (velocity) in comparison to the
flood magnitude.

3. Result and Discussion
3.1. River Morphometric aspect

The aerial images collected in this research
total approximately 720 photos, captured over
two flights to cover the entire study area as
shown in Figure 3. Each flight was conducted
with specifications of GSD: 2,73 cm/pixel, Flight
altitude: 100 m, Flight area 965x346 m, Photo
overlap: 70%, and Flight time: 15 minutes 30

seconds.
“« s o]

555 346 m
15min:30s

Figure 3. UAV ﬂlghts path to cover the Contok
River Basin, a sub-watershed of Garang River,
Central Java Indonesia

Modeling and Ortho mosaicking processes
from aerial photos resulted in a block photo of
the research area with a DEM built based on
UAV's inherent coordinate values. The
orthomosaic data is in raster form, providing
information in pixel-based form. To obtain
more specific quantitative data, transforming
raster data into vector data is necessary. This
process converts the Orthomosaic raster data
into vector data to identify the length and area
of the studied objects. Figure 4 shows the
results of the Ortho-mosaicking process.

Figure 5 provides spatial and elevation data
resolution of 0.05m. The subsequent analysis
conducted is planimetric testing to determine
the data quality level from the post-processing
of aerial photos. Planimetric testing is carried
out by testing the positional accuracy referring
to the actual coordinates at the test points on
the ground surface. The control points used are
Independent Control Points (ICP). The
planimetric testing results are presented in
Table 2.
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Figure 4. Orthomosaic and cross-sectional location (marked in Red) of Contok River Basin, a sub-
watershed of Garang River, Central Java Indonesia

54


https://doi.org/10.55981/limnotek.2024.5028

Hanafi et al.,

LIMNOTEK Perairan Darat Tropis di Indonesia 2024 (1), 5; https://doi.org/10.55981/limnotek.2024.5028
Table 2. Planimetric test

No Image Real Difference
Distance (m) Distance (m) (m)
1 4.249 4.395 0.146
2 3.757 3.840 0.083
3 4.341 4.435 0.094
4 3.604 3.640 0.036
5 4.330 4.435 0.105
6 4.000 4.045 0.045
7 4.859 4.890 0.031
8 4.215 4.395 0.180
Displacement Distant Total 0.720
Planimetric Test Result 0.300

The DEM extracted from the orthophoto
post-processing after the 3D point cloud was
generated, was then used to create cross-
sectional data of the river within the most
opened area. Figure 5 is the DEM map with the
locations of the river cross-sections. Figure 6 is
an example of the generated cross-sectional
profile.

Z T
CONTOK WATERSHED

~9

] ORTHOPHOTO BOUNDARY
ANALYSYS

Legend: .
—— Cross Section
Elevation (meter)
I ss - 131 5
B 132- 181 4

'
B 1s2-215 s

[ 216 - 228
| 229 - 242
| 243- 308

0 0.125 0.25 0.5 Km
| S S T [ S— S— —

Figure 5. The Digital Elevation Model (DEM)
map along with the locations of the river
cross-sections.
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Figure 6. Cross Section on Control Point

The map produced from this research falls
under the category of large-scale maps, hamely
1:10,000. Referring to the standards of the BIG
as shown in Table 1, the map resulting from
orthomosaic processing in this study falls under
Class 1 accuracy. The planimetric test applied
through the ICP control method vyields a
displacement value of 0.3 m (Table 2), which is
below the threshold of the BIG accuracy
criteria, which is 2 m. ICP measurement was
conducted by performing a manual survey
using measuring tape on the easily recognized
objects both in aerial photos and in the field.
For example, the bridge width serves as a
control point for the river section, as do the
street corners at certain locations. Overall,
eight places were measured as ICP.
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The application of UAV mapping in this
study involved Ground Control Points (GCPs) to
align and scale the photogrammetric data
correctly by providing reference points that the
software uses to correct any distortions and
ensure spatial accuracy. Good accuracy also
can be achieved through favorable weather
conditions, optimal flying altitude, and well-
suited non-vegetative areas for control
purposes. In this study, a total of 12 Ground
Control Points (GCPs) were measured using the
GNSS (Global Navigation Satellite System)
NTRIP (Networked Transport of RTCM via
Internet Protocol) method, with a Sokkia GRX-
2 as the rover and the Telkom Simpang Lima
CORS as the base station.

This study demonstrates that the use of ICP
in photogrammetry remains effective for
narrow river catchments. The advantage of the
ICP method in narrow areas lies in the ease of
field verification of objects that are easily
recognizable both from aerial photos and on
the ground. The use of GCP in this study was
less effective due to the reliance on the NTRIP
(stop and go) method, which depends on
internet connectivity. In areas with moderate to
steep slopes and dense vegetation cover, this
dependence leads to signal distortion, resulting
in poor location accuracy with intolerable RMSE
(Root Mean Square Error). On the other hand,
some of the GCPs are unseen from the aerial
photos due to the densely vegetated area.
Consequently, this study indicates that ICP is
effective for photogrammetry in small areas,
whereas GCP with static location measurement
methods is required for larger areas.

3.2. Landcover and precipitation aspects

Land cover data in the Contok Watershed is
required for the analysis of run-off coefficients
in flood routing. Land cover is associated with
the direction of river flow from upstream to
downstream. Identification of land cover is
conducted  through  the  multispectral
classification of Sentinel-2 imagery, using
supervised classification maximum likelihood.
This method falls under digital classification
types because data processing is based on the
digital values of images using specific software.
The principle used is to group pixels with similar
spectral characteristics into the same category
or class for identification through a
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distinguishing color (Gibson & Power, 2000;
Marini et al, 2014). The Landcover map of
2013 and 2023 are shown in Figure 7, while the
tabular comparison is shown in Table 3.

Table 3. Comparison of Land Cover in the
Contok Watershed in 2013 and 2023

No Land Cover (Zk%% (zk?ﬁf)
1 Built Area 1.416 1.914
2 Open Area 0.086 0.173
3 Agriculture 0.421 0.923
4 Vegetation 0.590 4.402

Total 7.413 7.413

= River

I Build Area

Open Area

2013 2023

Agriculture

I vegetation
Figure 7. Comparison Land Cover in the
Contok watershed in 2013 and 2023, resulted
from the Sentinel-2 imagery multispectral
classification

Frequency analysis was conducted on
rainfall data from CHIRPS to obtain rainfall
magnitudes with return periods of 25 and 50
years. Using watershed parameters of land
cover (Table 3), the length of the river segment,
riverbed slope, the coefficient of run-off
analysis, concentration time, and effective
rainfall are then analyzed and resulted in the
runoff coefficient (C) of the Contok Watershed
as shown in Table 4.
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Table 4. The runoff coefficient (C) of the Contok Watershed

2013 2023
No  Land Cover Area (km?) C Composite (/I'\(:ﬁ?) C Composite
1  Built Area 1,416 0,5 0,098 1,914 0,5 0,129
2 Open area 0,086 0,3 0,004 0,173 0,3 0,007
3 Agriculture 0,421 0,3 0,017 0,923 0,3 0,037
4  Vegetation 5,490 0,2 0,148 4,402 0,2 0,119
Total 7,413 0,264 7,413 0,292

3.2. Hydrology aspect

The Contok Watershed area has a length of
5,274 meters, with a riverbed (based on long
section analysis) slope of 0.0207. The
concentration-time value is determined to be
63.68 minutes or 1.06 hours. Based on this
concentration time value, effective rainfall is
analyzed using the Mononobe method
(Equation 1). The effective rainfall values for
each return period are obtained as shown in
Table 5.

Table 5. The results of effective rainfall
analysis and discharge

Return Rain Effective Q Q
Period (mm) Rain 2013 2023
(year) (mm) (m¥s) (m¥/s)

25 118,088 39,354
50 130,463 43,468

21,418 23,698
23,662 26,181

The calculated design flood discharge
results for the years 2013 and 2023 with return

periods of 25 and 50 years are presented in
Table 5. The Manning equation is used to
simulate river storage based on cross-sectional
profiles and flow velocities. The coefficient of
roughness for the natural channel with
vegetation obstruction is 0.07, and the cross-
sectional area (Figure 5) is 12.06 m?2.
Therefore, the channel storage capacity is
25.38 m3 s,

The same storage capacity calculations
were conducted for the other ten cross-section
points, to determine the storage capacity
representing the upstream, middle, and
downstream of Contok Watershed.

Table 6 shows the river storage capacity
analyzed at each cross-section based on the
Manning equation (Equation 4). The storage
capacity is then simulated against a discharge
with a return period of 50 years in 2023. The
simulation of storage volume at each cross-
section is shown in Figure 8 to 17.

Table 6. Storage simulation for each cross-section

. Area Capacity  Q25-2023
Location (m2) P(m) V(m/s) (m3/s) (m3/s)
CS1 5.25 6.52 1.78 9.33 26.18
CSs2 7.90 7.41 2.14 16.94 26.18
CS3 15.69  12.77 2.36 36.95 26.18
CS 4 8.57 9.42 1.93 16.52 26.18
CS5 5.10 9.03 1.40 7.15 26.18
CS6 25.58  16.69 2.73 69.84 26.18
Cs7 11.24  10.03 2.22 24.89 26.18
CS 8 1595 11.64 2.53 40.42 26.18
CS9 13.65 10.65 2.42 33.09 26.18
Cs 10 12.06 9.73 2.37 28.58 26.18
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3.3. Landcover change aspect

Land cover changes are an important factor
in increasing surface runoff. This is supported
by several previous studies; deforestation and
urbanization are the most influential factors in
changing hydrological cycles and sedimentation
(Siswanto & Frances, 2019). Changes in land
cover, especially in built-up areas, greatly affect
the magnitude of surface runoff (Sidiq, et al,
2022).

Massive changes in land cover occur with a
reduction in vegetation area of 1.01 km2,
converting it into built-up areas and agricultural
land. These changes trigger changes in the
runoff coefficient and increase the results of the
design flood analysis by 10,6%. The
downstream section of the Contok River in the
study area is still capable of accommodating
the 50-year return period flood discharge for
the 2023 simulation, with overflow occurring
only at cross-sections 1, 2, 4, and 5. This is due
to field conditions, where the upstream area
has small channels with banks that are either
fallow land or have been utilized as fields, while
in the downstream area, embankments have
been constructed, along with river channel
improvements.

4. Conclusion

The research findings indicate that UAV
mapping without GCPs provides adequate
accuracy for small and local areas. However, for
larger areas with extensive flight paths, GCPs
are necessary, especially for river mapping on
steep slopes with dense vegetation, and
meandering patterns. Special treatments are
required to obtain sequential and continuous
cross-sections with integrated elevation, during
aerial photography and post-processing.
Further research could focus on integrating
multi-return LiDAR with photogrammetric point
clouds to improve accuracy in dense vegetation
areas. Developing automated algorithms for
vegetation point filtering in photogrammetry,
possibly using machine learning, would
enhance efficiency. Comparative studies
among LiDAR, filtered photogrammetry, and
vegetation indices could validate their
performance in varied environments. Exploring
advanced remote sensing technologies like
hyperspectral imaging or radar systems could
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further advance canopy removal and land
elevation mapping capabilities.

The capacity of the Contok River channel in
the downstream area is still able to convey
design flood discharges up to a 50-year return
period, while in the upstream area, it overflows.
A significant factor in increasing surface runoff
in this study is the change in land cover. The
change in land cover from vegetated areas to
built-up and agricultural areas increases
surface runoff by 10.6%. To minimize flooding
at specific cross-sections and return periods, it
is necessary to construct river embankments
and optimize reservoirs, considering land use
changes beyond our control.
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