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Highlights 34 

 A tropical reservoir in South East Asia was investigated over a 5-year period. 35 

 Water quality monitoring reveals an increase in iron and manganese due to a rise in the 36 

dam height of the reservoir. 37 

  The increase in iron and manganese is linked to the enlarged footprint of the reservoir, 38 

with previously oxic sediments becoming submerged during the process and the 39 

establishment of reducing conditions. 40 

  Iron and manganese display a seasonal component with increased concentrations during 41 

the wet season. 42 

 Geochemical simulations confirmed that the dissolution of MnO2 and FeOOH through the 43 

oxidation of organic matter led to increased iron and manganese concentrations in the 44 

reservoir. 45 

 46 

Abstract 47 

The aim of this research was the analysis of the effect of a dam height raise on the water quality 48 

of a tropical reservoir used for drinking water purposes in Southeast Asia. Analyses of iron, 49 

manganese, pH and ammonia were performed over a 5-year period from daily water sampling at 50 

the reservoir.  In addition, high-frequency monitoring data of nitrate, ammonium, pH and blue-51 

green algae were obtained using a monitoring probe. The results showed that due to the raising of 52 

the reservoir water level, previously oxic sediments became submerged triggering an increase in 53 

iron and manganese in particular due to the establishment of reducing conditions. Manganese 54 

concentrations with values up to 4 mg L-1 are now exceeding guideline values. The analysis 55 
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strongly indicated that both iron and manganese have a seasonal component with higher iron and 56 

manganese concentrations during the wet season. Over a three-year period afterward, 57 

concentrations did not go back to pre-raise levels. The change in water quality was accompanied 58 

by a change in pH from previous values of around 5 to pH values of around 6.5. Geochemical 59 

simulations confirmed the theory that the increasing concentrations of iron and manganese are due 60 

to the dissolution of MnO2 and ferric oxyhydroxides oxidising organic matter in the process. This 61 

study showed that changes in reservoir water levels with the establishment of reducing conditions 62 

can have long-term effects on the water quality of a reservoir.  63 

 64 
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1 Introduction 81 

Increases in population, industrialization as well as emerging contaminants are putting more and 82 

more pressure on surface and groundwater resources (Suhip et al., 2020). Today’s water industry 83 

is a multibillion-dollar industry, with the Chinese company Sinohydro as the world’s largest dam-84 

building company (Han and Webber, 2020). In particular, for large dam projects, public opposition 85 

has been rising (Kirchherr et al., 2016). 86 

Elevated concentrations of iron and manganese, as well as eutrophication, are a concern for many 87 

drinking water reservoirs and lakes (González et al., 2004, Bouchard et al., 2007, 2011, Iyare, 88 

2019, Krueger et al., 2020). In the case of reservoirs used for drinking water purposes, they degrade 89 

water quality by affecting taste, odour as well as colour (USEPA, 2003). Possible complex 90 

contamination scenarios in reservoirs may require a range of remediation and assessment measures 91 

(Gantzer et al., 2009, Chen et al., 2017, Marshall et al., 2019). 92 

Iron in freshwater is commonly found at concentrations ranging from 0.04 to 6200 mg L-1, (Pais 93 

and Jones, 1997). manganese can be detected in surface and groundwater worldwide with median 94 

concentrations ranging from 0.02 to 0.05 mg L-1 (WHO, 2008). Since elevated concentrations of 95 

these metals lead to significantly higher water treatment costs, oxygenation systems have been 96 

installed in situ in lakes and reservoirs (Bryant et al., 2011, Gerling et al., 2014, Li et al., 2019).  97 

The behaviour of manganese in freshwater is different from that of iron, due to its slower, by pH 98 

controlled, oxidation rates. Manganese can be released from sediments into the water even if the 99 

water column is oxic (Davison, 1993). Monitoring of raw water quality, in particular long-term 100 

monitoring programs, are of key importance for sound water management (e.g. Eccles et al., 2020). 101 

Reported negative changes in water quality at dams and water reservoirs have been often due to 102 

changes in land use and urbanisation (Luo et al., 2020) as well as an increase in climate variability 103 
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(Eccles et al., 2020, Gӧdeke et al., 2020). In this regard, studies have indicated that climate can 104 

affect the hypolimnion oxygen demand of temperate and subtropical lakes (Komatsu et al., 2007, 105 

Ito and Momii, 2015). Reducing conditions in the hypolimnion of lakes can lead to the reduction 106 

of oxidized iron and manganese to soluble forms which are then released from the sediment into 107 

the water column (Krueger et al., 2020).  108 

In addition, increased nitrate input into surface and groundwater is also of concern for many 109 

catchments because of the rising risk of eutrophication (Kendall et al., 2008). Stable isotopes can 110 

help to identify sources of nitrate input (Chittoor Viswanathan et al., 2016). One study, which 111 

observed reservoir water quality over a three-year period, found an increase in nutrients. In 112 

particular phosphate increase (Zubala, 2009) with values up to 3.3 mg L-1 is likely due to 113 

intensification of agricultural practices. These anthropogenic changes can also lead to harmful 114 

algae blooms (HAB), in combination with increased eutrophication and climate warming 115 

(Huisman et al., 2018).   116 

Overall, significantly less attention has been paid to tropical reservoirs compared to subtropical 117 

and temperate reservoirs or lakes (Baharin et al., 2011, Fukushima et al., 2017). Since tropical 118 

reservoirs have been less studied compared to subtropical and temperate reservoirs, this study was 119 

initiated. In addition, not many studies have looked at seasonal fluxes of iron and manganese which 120 

provided another reason for conducting this research.  121 

2 Material and Methods 122 

 123 

Introduction to the Study Site 124 
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Most of Brunei’s water resources come from surface water and less than 1% from groundwater 125 

providing a yield of 17.3 million m3 year-1 used for oil and gas and local bottled water industries 126 

(FAO, 2011).  127 

The tropical reservoir investigated in this study is located on the island of Borneo, in Brunei 128 

Darussalam, which has a tropical climate. Rainfall shows a seasonal pattern with two maxima and 129 

two minima. The first maximum occurs during the period October to January, with December 130 

being the wettest month, and the second maximum from May to July, with May, generally being 131 

the wettest month. The least amount of rainfall occurs in February and the second minimum period 132 

occurs during June to August. The average rainfall between 2015 to 2019 was 3,089.8 mm (BMD, 133 

2020) measured at Brunei International Airport. 134 

Brunei, which enjoys a low water tariff, has with around 350 L d-1 per person a water consumption 135 

among the highest in South East Asia (Department of Water Services, 2018). Brunei currently uses 136 

dam sites within river catchments as a source of raw drinking water. In order to supplement for 137 

insufficient surface water resources for continuous irrigation throughout the year, groundwater 138 

exploration studies in Brunei have been undertaken (Azffri et al. 2022 a,b). The expected water 139 

production from the wells is expected to vary based on permeability differences as well as aquifer 140 

characteristics (Gharbi et al. 2012, Azffri et al. 2022b). 141 

 142 

The Mengkubau dam (Figure 1) is an important dam within the Brunei Muara district, the most 143 

populous region in Brunei. The Mengkubau dam is located at Mentiri, in the Kota Batu area of the 144 

Brunei-Muara District. It has a surface water area of around 1.7 km2 at its highest capacity with a 145 
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catchment area of around 25 km2. The dam was built to improve the reliability and security of 146 

potable water supply for Brunei Muara and nearby areas.  147 

 148 

Fig. 1 Location of Mengkubau reservoir, Brunei Darussalam, with reservoir extent based on the 149 

year 2019 150 

The construction of the Mengkubau dam began in June 1996 and was completed in 151 

December 1999. The dam is an embankment dam (rock-filled). It receives its water through 152 

rainfall-runoff and its connection with the Batu Marang river. Initial dimensions were an 153 

embankment height of 31 m and a width of 33 m wide. It has a concrete slab lining for the upstream 154 

Indonesia 

Malaysia 

Brunei 
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face and turf protection on the downstream face. The full storage capacity of the dam is currently 155 

around 17 million m3. 156 

An upgrading project to increase the Mengkubau dam capacity was started in 2013 and completed 157 

in 2017. For the upgrade, the crest was raised by 3.70 m from 31.00 m to 34.70 m.  158 

Geologically, the Mengkubau reservoir and main dam are situated within the Belait 159 

Formation which outcrops throughout this area. These strata are composed of tertiary sedimentary 160 

rocks with interbedded sandstone, mudstone and thin coals seams (Hutchinson, 2005), dipping at 161 

about 50° towards the west near the site (Fig. SM 1). Bedrock is present at shallow depth 162 

throughout the site. Some alluvium is present in the valley bottom, while residual soils and 163 

colluvium cover most of the valley. So far, limited water quality studies in the region have been 164 

conducted (Yusri et al. 2018, Hong et al. 2021, Azffri et al. 2022). 165 

Sampling and Analysis 166 

Samples were taken every other day up to 18 times per month during the period between 2015 and 167 

2018. During 2019 and 2020 sampling intensity was increased with samples being taken twice a 168 

day (8 am and 2 pm). Samples for iron and manganese (before the upgrade of the dam was 169 

completed) were not measured regularly in 2017, because at that time no significant concentration 170 

changes were anticipated. Water quality samples of pH, turbidity, manganese, iron and ammonia 171 

from the Mengkubau intake tower were measured straight after sampling. Samples were not 172 

preserved, since they were analysed right away. A pipe leads the raw water from the intake tower 173 

to the local laboratory of the water treatment plant where sampling was performed. The intake 174 

tower takes water from the bottom of the reservoir.  The following analysis methods were used: 175 

pH was measured according to APHA 4500H (APHA, 1992) using a membrane electrode (Mettler 176 

Toledo). Turbidity was measured according to APHA 2130 B using the nephelometric method 177 
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(Hach, 2100N). Ammonia and iron (total) were measured using a spectrophotometric method with 178 

a Palintest 7100 photometer using standard reagents. Manganese was measured using a 179 

photometric method as well, using a Lovibond PC Checkit. Method detection limits (MDL) for 180 

iron, manganese, and ammonia were 0.006 mg L-1, 0.01 mg L-1 and 0.03 mg L-1 respectively 181 

(APHA 2018). Selected samples were sent to Switzerland for trace and major element analysis at 182 

the Eawag laboratories. The samples were acidified with HNO3 to dissolve precipitates and then 183 

diluted 1:20 to a final HNO3 concentration of 0.7% HNO3. Values for trace metals were obtained 184 

through graphite furnace atomic absorption spectrometry (GFASS, AAS contrAA® 700 Analytik 185 

Jena). Since alkalinity was not directly determined during the analysis, it was iteratively calculated 186 

for selected samples using PhreeqCI (Parkhurst and Appelo, 2013), and the water was classified 187 

using a Piper diagram. 188 

In addition, high-frequency monitoring was performed for several weeks in 2019 (16 Jan 189 

morning - 5 Feb 2019 afternoon and 7 Dec morning -21 Dec afternoon 2019) at the reservoir intake 190 

tower to investigate increased pH values and investigate nutrients (nitrate) and blue-green algae 191 

(BGA). Indications of the presence of blue-green algae were derived through the measurement of 192 

phycocyanin, a pigment of BGA. These investigations were performed using the monitoring probe 193 

Aquatroll 600 (InSitu) with respective ion-sensitive electrodes including an external cable for 194 

water submersion and a tablet pc with VuSitu mobile application for data retrieval. The probe can 195 

measure up to 4 types of selected parameters at a time. Before deployment, sensors were 196 

thoroughly rinsed with deionised water and soaked overnight with their respective calibration 197 

solutions and then calibrated. Ammonium and nitrate sensors were calibrated using a 2-point 198 

calibration procedure while the pH- and oxidation-reduction potential (ORP) sensors were 199 

calibrated with a 3-point process. To calculate the redox potential (Eh) from the field ORP values, 200 
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a potential of 194 mV based on the measured surface water temperature of 30 ºC was added to the 201 

field values (BS ISO 11271, 2002). Calibration was not required for the BGA-PC probe, as it is an 202 

optical sensor. Readings were taken every 45 minutes for the first campaign and every 30 minutes 203 

during the second deployment. Our probe was suspended from the non-operational intake tower 204 

of the reservoir at a depth of around 2 m below the water surface. 205 

Rock samples from an outcrop adjacent to the reservoir were analysed for elemental 206 

composition using a scanning electron microscope (Jeol JSM-7610F, Japan). Satellite image 207 

analysis of the reservoir size between the years 2015 to 2020 was performed using the timeline 208 

feature of Google Earth Pro. To investigate possible mechanisms for the water quality change 209 

geochemical simulations with PhreeqCI (Parkhurst and Appelo 2013) were performed. These 210 

simulations were in particular run to investigate the changes in pH, manganese and iron. 211 

Statistical Tests 212 

The statistical software R (R Core Team, 2021) was employed to perform all statistical 213 

data analysis, and in particular, the R package ‘forecast’ (Hyndman & Khandakar, 2008) was used 214 

for the seasonality analysis. Statistical tests employed were the nonparametric Mann-Whitney test 215 

and the 𝑡-test on the Pearson product-moment correlation coefficient. The former was used to test 216 

differences in pH, turbidity and metal concentration samples before and after a specific time point 217 

in the data, where such samples were not found to be normally distributed. The latter was used as 218 

a test of significance of the correlation between two time series, which helped determine whether 219 

the increase in several of the measurement readings together in a particular period was 220 

happenstance. 221 

It has been argued that Pearson correlations are not applicable to time series data, especially 222 

when trends and seasonality are present (Yule, 1926). Thus, in addition, we tested for seasonality 223 
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in the data by fitting exponential smoothing models with a trend and seasonal component (Error, 224 

trend, seasonal (ETS) models, Holt, 1957 and Winters, 1976), and compared the model fit against 225 

a simpler model without the seasonal component. Model comparison can be done using Akaike’s 226 

information criterion (AIC), or more formally, using likelihood ratio tests. Since there were several 227 

missing observations in years before 2018, we handled these by replacing the missing data using 228 

linear interpolations after decomposing the time series using the STL method (Cleveland et al., 229 

1990). As a remark, running the models without this step and only using the longest contiguous 230 

time-series data (i.e. 2018 and beyond) did not change the conclusions of the statistical tests. 231 

3 Results  232 

 233 

Satellite image analysis showed that due to the raising of the dam height, the water filled 234 

cross-sectional area of the dam increased from 1.24 km2 in 2015 to 1.63 km2 in 2019. Thus, the 235 

cross-sectional area of the dam increased by more than 30 percent. 236 

Water quality results are shown in Figure 2. It becomes obvious that after the dam was 237 

raised in 2018 the pH increased from an average of 4.3 to pH values ranging between 4.2 to 6.8. 238 

This increase was significant at the 1% level (𝑊 = 399, 𝑝 < 0.001). 239 
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 240 

Fig. 2 Changes in water quality parameters with time at Mengkubau reservoir between 2015 and 241 

2018. Please note also the increasing iron and manganese concentrations on a minor scale during 242 

the wet season (December and January) before the upgrade of the dam. 243 

In addition to the increase in pH, iron and manganese concentrations increased significantly 244 

(iron: 𝑊 = 2546, 𝑝 < 0.001; manganese: 𝑊 = 487, 𝑝 < 0.001). In particular manganese 245 

concentrations rose from below 1 mg L-1 to between 1 and 4 mg L-1.  For this study, unfortunately, 246 

during the period of January 2016 as well as from March to August and September to November 247 

2018 when iron concentrations exceeded 1 mg L-1 an exact value of the iron concentration was not 248 

possible, due to the availability of calibration solutions at the time, as the increase was not 249 

anticipated. 250 

To study if water quality data such as pH, manganese, or iron would stabilise or decrease over 251 

time, investigations were continued in 2019 and 2020 (Figure 3).  252 
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 253 

Fig. 3 Water quality parameters with time at Mengkubau reservoir between January 2019 and 254 

May 2020 with water quality data from daily samples taken at 8 am. Clearly visible are increased 255 

concentrations of iron and manganese during the wet season (December to January) but also 256 

Ammonia and Turbidity are increased. 257 

It can be seen that in particular manganese and iron showed a strong increase during December 258 

2019, which triggered our investigations into seasonality, which is discussed towards the end of 259 

this section. Interestingly, turbidity also substantially increased together with iron and manganese 260 

(Figure 3). Ammonia also showed an increase although not as strong as iron and manganese. The 261 

pairwise correlations between the above time series are given in Table 1. 262 

Table 1: Correlation matrix between the time series displayed in Figure 3. All correlations were 263 

significant at the 1% level (p < 0.001). 264 



 

15 
 

 265 

It can be seen that the highest correlation exists between iron and manganese as expected. 266 

Ammonia also showed a strong correlation with iron and manganese. 267 

The SEM-EDX results from sandstone samples adjacent to the reservoir revealed up to 30 wt % 268 

iron and 0.06 wt % manganese. 269 

If we graph the recorded rainfall data together with manganese and iron data, we find that the 270 

increasing manganese and iron concentrations peaked during the middle of the wet season 271 

(November to January), which suggests that the higher manganese and iron concentrations are not 272 

straight away mobilised with rainfall but that a lag period occurs (Figure 4). 273 

 274 

 Turbidity Manganese Iron Ammonia 

Turbidity 1.00 0.495 0.507 0.521 

Manganese  1.00 0.775 0.759 

Iron   1.00 0.702 

Ammonia    1.00 
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Fig. 4 Manganese and iron vs. daily rainfall at Mengkubau reservoir in 2019/2020 275 

In addition, nutrients like ammonium and nitrate were investigated using a high-frequency 276 

monitoring probe to test for eutrophication. 277 

3. 1 High-frequency monitoring 278 

The multiparameter probe was first deployed during the dry season of 2019 (Figure 5), in which 279 

pH, Eh, nitrate and ammonium were investigated. It can be seen that the pH has remained elevated 280 

around a value of 6.5. In addition, ammonium and nitrate concentrations are low. with a slight rise 281 

in nitrate at the end of the monitoring period coinciding with a rise in pH. The intraday spread was 282 

around 0.4 mg L-1 for ammonium. 283 

 284 

 285 

 286 

Fig. 5 pH, ammonium and nitrate concentrations at Mengkubau dam in January – February 2019. 287 

For this monitoring, data values were acquired every 45 minutes. 288 
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ORP was also measured (Figure 6).  It becomes obvious from Figure 6 that Eh values varied mainly 289 

between 400 and 500 mV with lower Eh values of around 300 mV at the end of the monitoring 290 

period. 291 

 292 

Fig. 6 Redox Potential (Eh) values at Mengkubau dam in January – February 2019. For this 293 

monitoring, data values were acquired every 45 minutes. Shown in this figure are also iron and 294 

manganese data from daily sampling. 295 

Further deployment of the monitoring probe was undertaken in December of 2019. representative 296 

of the wet season. This time the blue-green algae pigment phycocyanin was monitored together 297 

with pH, ammonium and nitrate (Figure 7). 298 
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 299 

Fig. 7 pH and ammonium, nitrate and phycocyanin (BGA) concentration at Mengkubau dam 300 

December 2019. For this monitoring, data values were acquired every 30 minutes. 301 

The results from this monitoring campaign show that nitrate and ammonium are low and of no 302 

particular concern. Phycocyanin concentrations were found to be relatively low as well, with 303 

values below 12 μg L-1 showing a slightly rising trend together with rising nitrate concentrations. 304 

The water analysis at the Eawag laboratories shows that the Mengkubau water can be classified as 305 

a magnesium bicarbonate type water (Fig. SM 2). The trace element analysis did not reveal 306 

significant concentrations of important trace elements (e.g. arsenic) in the water (Table SM 1). 307 

To test for seasonality in the manganese time series from 2015 to 2020, we fitted firstly a model 308 

assuming no seasonality in the data 𝑀0: ETS (M, N, N), and then a model which assumes a 309 

multiplicative component for seasonality 𝑀1: ETS (M , N, M). The model with seasonality 310 

produced a higher log-likelihood value which is deemed to be statistically significant (𝜒2 =311 

52.52 on 12 d.f., 𝑝 < 0.001), thereby concluding us to prefer 𝑀1 over 𝑀0. Furthermore, the AIC 312 
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for models 𝑀0 and 𝑀1 are reported as 169.23 and 140.71 respectively, which again prefers 𝑀1 313 

over 𝑀0. We repeated the analysis for the iron time series, and found similar conclusions. A model 314 

with seasonality is found to be better fitting for the iron time series (𝜒2 = 31.82 on 12 d.f., 𝑝 =315 

0.0014) with a smaller AIC value compared to the model without seasonality (117.59 vs. 125.40) 316 

(Fig. SM 3). Therefore, we may strongly conclude (at the 1% significance level) that there is indeed 317 

a seasonal component behind the data generative process for the two univariate time series under 318 

consideration.  319 

Geochemical simulations showed that, based on the water analysis after raising the dam height, 320 

pH, iron and manganese concentrations before the water level increase can be simulated, 321 

considering iron and manganese oxides as well as organic matter. In addition, geochemical 322 

simulations were performed to investigate possible future changes from a further dam height 323 

increase. More information on the geochemical simulations is provided in the following 324 

discussion. 325 

 326 

4 Discussion 327 

That dam construction can have negative effects on wetlands and biodiversity is known (e.g. Wu 328 

et al., 2019). For our study, the results revealed that it is important to relate the changes in water 329 

quality not only to the increase in dam height, but also to the corresponding increase in the cross-330 

sectional area of the dam. Thus, previously aerobic sediments became submerged in water and 331 

experienced anaerobic conditions. This anaerobic environment favours the mobilisation of redox-332 

sensitive elements such as manganese and iron via reductive dissolution of manganese and iron 333 
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oxides (Krueger et al., 2020, Dong et al. 2020). The results from the SEM-EDX analysis suggest 334 

that iron and manganese could come from sediments surrounding or at the bottom of the reservoir. 335 

Under anaerobic conditions, iron (II) has several orders of magnitude higher solubility than iron 336 

(III), which is normally the favourable oxidation state (Burdige, 1993). Studies on surface waters 337 

in northern Europe showed that an increase in reducing conditions caused an increase in iron 338 

concentrations (Neal et al., 2008, Kritzberg and Ekstrom, 2012, Ekstrom et al., 2016). This 339 

increase can also be influenced by topography and competing electron acceptors (Tittel et al. 340 

2022). Our investigation shows that iron and manganese concentrations have a seasonal 341 

component.  Thus our results compare well with investigations by Ekstrom et al., 2016 which also 342 

found a seasonal variation in iron concentrations for selected surface water catchments. This study 343 

also pointed out that reducing conditions are generated by microbial activity, which is favoured by 344 

wet and warm conditions. Therefore, higher seasonal precipitation and elevated air temperature 345 

should lead to increasing iron export from soils to ground and surface water and increase anaerobic 346 

conditions in space and time.  347 

The increase of dissolved iron under reducing conditions can be described through the equation 348 

(e.g. Canfield et al., 1993): 349 

CH2O + 4 FeOOH + 8 H+ = 4 Fe2+ + 7 H2O + CO2 (g)  (Eq. 1) 350 

This reaction depends on the available surface area of goethite for reduction as the surface area 351 

can become passivated, e.g. due to the accumulation of aluminium (Dubbin and Bullough 2017). 352 

While a health-based guideline value for iron in drinking water has not been proposed, 353 

values greater than 0.3 mg L-1 usually affect the taste of the water and cause staining (WHO 2003). 354 

The above equation also helps to explain the strong correlation of dissolved organic carbon (DOC) 355 
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and iron observed in previous studies (e.g. Neal et al., 2008) as the reaction is mediated by 356 

microbes oxidising organic matter. In addition, naturally occurring microbial processes can break 357 

down even recalcitrant organic contaminants (Gӧdeke et al., 2008). 358 

Subsequent studies into the mobilisation of iron found that not only anoxic conditions and acidity 359 

but also the presence of fungi are important for the mobilisation of iron from the soil into surface 360 

water (Björnerås et al., 2019). Pore waters associated with mangroves, which are typical in the 361 

tropics, can contribute to the release of iron and manganese. Porewater concentrations of iron and 362 

manganese have been found to be significantly higher than the respective surface water 363 

concentrations (Holloway et al., 2016).  364 

Iron and manganese reduction is also controlled by Eh and pH, with the pH of particular 365 

importance (Atta et al., 1996). Laboratory experiments on waterlogged soil (Gotoh and Patrick 366 

1972) showed that the reducible manganese fraction was highest at a redox potential between 350 367 

mV and 500 mV and a soil pH between 5.5 and 6.6 (Patrick and Turner, 1968), which matches 368 

well with our findings. The low Eh values below 300 mV seen in Figure 6 could indicate dissolved 369 

oxygen concentrations below 1 mg L-1 (Likens, 2009). 370 

Previous soil investigations surrounding the reservoir area showed that soil pH values are 371 

low with soil pH values ranging between 3.5 to 5 (Pg Dr Karim et al., 2019). Soils in the study 372 

area are generally fine grain, ranging from silty fine sands to clayey silts (BTKS, 2020). These low 373 

soil pH values in Brunei can be often linked to acid sulphate soils (Grealish and Fitzpatrick, 2013, 374 

Azhar et al., 2019, Marshall et al., 2019). Acid sulphate soils are known to be rich in iron due to 375 

sulfidisation (Pons, 1973), and in Brunei can have organic rich layers containing pyrite (Grealish 376 

and Fitzpatrick 2013).  377 
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In the case of manganese, the reduction and mobilisation of manganese can be described through 378 

the equation (e.g. Stumm and Morgan, 1981): 379 

CH2O + 2 MnO2 (s) + 4 H+ = 2 Mn2+ + 3 H2O + CO2 (g)  (Eq. 2) 380 

This reaction, which is further aided by the wet and warm climate prevalent in Brunei, also explains 381 

the rise in pH as manganese gets mobilised as organic material and MnO2 become submerged due 382 

to the rising water level in the dam. Again, like the previous equation, the reaction is facilitated by 383 

bacteria, under acidic anaerobic conditions. It becomes obvious from the results that manganese 384 

raw water concentrations now exceed the health-based provisional drinking water guideline value 385 

of 0.4 mg L-1, set by the World Health Organisation (WHO, 2011a). Whether iron and manganese 386 

concentration at our reservoir can return to the pre-2017 level, is currently not known and requires 387 

further monitoring. However, if organic material, MnO2 as well as FeOOH become depleted over 388 

time or if oxygen concentrations in the water rise, iron and manganese concentrations would be 389 

expected to decline. 390 

 391 

Previous studies linked manganese concentration as well as seasonal variations in surface 392 

water to soil type and attributed a concentration increase from the rewetting of dried peat soils 393 

(Heal et al., 2002). Other studies found that manganese could also get mobilised through humic 394 

substances in the surrounding soil (Madigan et al., 2003). Manganese concentrations in river water 395 

for the Baram river in Borneo were found to be ranging between 0.1 mg L-1 to 3.1 mg L-1 during 396 

monsoon (January) and between 0.06 mg L-1 and 0.1 mg L-1 for the post-monsoon (April), 397 

(Prabakaran et al., 2020). In comparison, our manganese data ranged between 1.1 to 3.8 mg L-1 398 

during the monsoon (January 2020) and 0.4 mg L-1 to 0.9 mg L-1 during the post-monsoon (April 399 
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2020) and is thus higher, possibly due to local soil conditions and climate variability. The reduction 400 

of manganese takes place at the sediment surface. Since the vertical transport in the immediately 401 

overlying water column is 103 to 105 higher than molecular diffusion, most of the Mn2+ is returned 402 

to the water column (Davison, 1993).  403 

The observed increased concentrations of iron and manganese during periods of rainfall 404 

correlate well to the study by Li et al. 2019 for a reservoir in northwestern China which also 405 

observed increases of iron and manganese during periods of heavy rainfall. In addition, elevated 406 

concentrations of iron and manganese in the surface water of a tropical rainforest ecosystem have 407 

been found to be related to stormflow events (Lorrerie and Elsenbeer, 1997). Our observation that 408 

rising iron and manganese concentrations do not increase straight away after rainfall could be due 409 

to a lag time related to the rise of surface and groundwater after rainfall.  410 

The strong correlation between ammonia and iron and manganese, which was observed 411 

from the correlations could indicate seasonal oxygen depletion. The elevated concentrations of 412 

iron and manganese are likely to increase treatment requirements and costs. The implementation 413 

of advanced oxidation processes (AOPs) using ozone-based, UV-based, and combined ozone/UV-414 

based techniques showed that removal of manganese in reverse osmosis (RO) membrane 415 

concentrates can be successfully achieved in wastewater before discharge to the environment 416 

(Jeirani et al., 2015).   417 

In the case of elevated levels of iron, there are different strategies for iron removal in water 418 

i.e. membrane technology, nanotechnology-based, conventional and biological (Khatri et al, 419 

2017). The use of nanotechnology and membrane technology are recent developments proven to 420 

effectively remove iron from different water sources. An efficiency of 99% can be achieved from 421 

the utilization of carbon nanotubes for removing iron (Khatri et al., 2017). 422 
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From Figures 3 and 4 it is interesting to note that before maximum iron and manganese 423 

values occurred during January and February, manganese tended to be lower than iron 424 

concentrations. Then, during increased rainfall in December, manganese values reached the same 425 

concentrations or even higher concentrations than iron concentrations. This can be explained 426 

through the different oxidation rates of iron and manganese with fluxes of manganese from the 427 

sediment into the water column still taking place when the water column is oxic (Davison, 1993, 428 

Krueger et al., 2020). In addition, turbidity values increased during that time (Figure 3), possibly 429 

due to the oxidation of dissolved iron at the water surface, precipitating iron and increasing water 430 

turbidity. Together with turbidity. ammonia concentration increased (Figure 3) after rainfall during 431 

the wet season. Ammonium can sorb onto organic matter, with the sorption of ammonium being 432 

also pH-dependent (Fidel et al. 2018). The source of the ammonium is not clear. While an 433 

anthropogenic origin is possible, recent research has demonstrated that the N-mineralisation of 434 

organic N from peat can also contribute to ammonium concentration in groundwater and 435 

potentially surface water (Norrman et al. 2015) 436 

The results using the multiparameter probe showed that ammonium, nitrate and phycocyanin 437 

concentrations are relatively low and currently of no particular concern. Maximum guideline 438 

values are 50 mg L-1 for Nitrate and 35 mg L-1 for Ammonium (WHO 2008, 2011c). With regards 439 

to phycocyanin, at concentrations lower than 30 μg L-1, biweekly monitoring is recommended and 440 

at concentration levels of above 90 μg L-1, monitoring should be weekly and the public should be 441 

informed about potential risks (Brient et al. 2008).  442 

The slight rise in ammonia in 2018 can be explained by the rise in pH as the water pH is a 443 

key factor driving the proportions of ammonia and ammonium: 444 

NH3 + H2O ↔ NH4
+ + OH-      (Eq. 3) 445 
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During the high-frequency monitoring, the slight drop in ammonium concentration during the rise 446 

in pH (Figure 7) can be explained through equation 3. 447 

Geochemical Simulation with PhreeqCI 448 

To investigate the assumption that MnO2 (Pyrolysite) as well as iron oxihydroxides (FeOOH) are 449 

dissolved through the oxidation of organic matter and have led to the increase in iron, manganese 450 

and pH, simulations with PhreeqCI (Parkhurst and Appelo 2013) were performed. For the 451 

simulations, the water analyses after the water level rise which were analysed at the Eawag 452 

laboratories, were used. Since alkalinity was not directly measured it was adjusted in PhreeqC 453 

together with chloride for charge balancing. The simulation reverses the dissolution of FeOOH, 454 

MnO2 as well as the oxidation of organic matter (CH2O) according to equations 1 and 2. By 455 

removing the reactants (FeOOH and MnO2) as well as the corresponding amount of CH2O from 456 

the solution, pH, iron and manganese concentrations prior to water level rise were simulated (Table 457 

2). 458 

Table 2: Observed and simulated iron and manganese concentrations (average for November to 459 

January 2015) 460 

Parameter Observed (average for 

December 2015 to January 

2015) (mg L-1) 

Simulated (PhreeqCI) 

(mg L-1) 

pH 4.3 4.99 

Iron 0.46 0.5 

Manganese 0.42 0.4 

 461 

The simulations showed that the change in water quality due to the water level rise can be 462 

explained through equations 1 and 2. Forward simulations were also performed to investigate what 463 
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could be the possible impact of another raise in dam height. The simulations showed that another 464 

raise could increase the pH to 7.4 and iron and manganese concentrations to over 5 mg/ L-1. To 465 

improve the predictive capabilities of the geochemical model, more water analysis data would be 466 

useful. 467 

 468 

6 Conclusion 469 

 470 

Detrimental long-term water quality effects due to land-use changes are of growing concern 471 

internationally. In particular, surface water reservoirs are vulnerable in this regard. This study 472 

investigated daily as well as high-frequency water quality monitoring data at a tropical reservoir. 473 

The water quality parameters pH, iron, manganese, ammonium, nitrate and phycocyanin as a 474 

measure for BGA were investigated. The results and analysis showed that water quality changes 475 

were triggered by a 30 % increase in reservoir size, which led to the submergence of previous 476 

aerobic sediments and the establishment of reducing conditions. As a consequence, pH, iron and 477 

manganese concentrations increased significantly. Whereas the increase in iron due to reducing 478 

conditions has been found previously in catchments in northern Europe, this study reports the 479 

increase of iron and manganese over a five-year time period due to reducing conditions for a 480 

tropical catchment in South East Asia for the first time. Manganese concentrations in the raw water 481 

are now exceeding the guideline value of 0.4 mg L-1 for most parts of the year, leading to additional 482 

treatment requirements. Manganese, and in particular, iron showed seasonal influence. Nitrate, 483 

ammonium and blue-green algae (phycocyanin) concentrations were comparatively low and 484 

currently of no concern. The study illustrates that the induced water quality changes have lasted 485 

for more than two years. It is currently not clear if water quality parameters such as iron and 486 

manganese will return to pre-2017 levels. Thus, further monitoring, especially monitoring of 487 
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dissolved oxygen concentrations with depth, is recommended. In particular, characterisation of 488 

iron and manganese pathways into the reservoir requires further investigation. 489 

  490 
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