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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.
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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
https://dataonline.bmkg.go.id/data iklim
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(Pusat Database-BMKG). Data taken
January 2022 to August 2023. SD
climatological element used to express

from
is a
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power exceeding 120 Wm2 (Hamdi, 2014).

2.3. Data Analysis

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

pr = 999.842594 + 6.793952 x 1072T —
9.095290 x 107372 + 1.001685 x 1074713
1.120083 x 107 °T* + 6.536332 x 10°T5

...EqQ. 2
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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.
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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
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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
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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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