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Geochemical Characteristics of Sediment in Tropical Lake Sentani, Indonesia, Are Influenced by Spatial Differences in Catchment Geology and Water Column Stratification
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Physical and (bio)chemical processes in the catchment as well as internal lake processes influence the composition of lacustrine sediments. Lake internal processes are a consequence of reactions and fluxes between sediment, porewater and the water column. Due to its separation into four interconnected sub-basins, Lake Sentani, Papua Province, Indonesia, is a unique tropical lake that reveals a wide range of geochemical conditions. The highly diverse geological catchment causes mineralogical and chemical differentiation of the sediment input into each sub-basin. Also, strong morphological differences between the sub-basins result in a unique water column structure for each sub-basin, ranging from fully mixed to meromictic. Given the strong differences in sediment composition and bottom water chemistry among the four sub-basins, Lake Sentani offers a unique chance to study multiple lacustrine systems under identical climate conditions and with a common surface water chemistry. We used sediment cores and water samples and measured physicochemical water column profiles to reveal the geochemical characteristics of the water column, the sediment and pore water for all four sub-basins of Lake Sentani. The chemical composition of the sediment reveals differentiation among the sub-basins according to their sediment input and water column structure. Catchment lithology mainly affects overall sediment composition, whereas pore water chemistry is also affected by water column structure, which is related to basin morphology and water depth. In the meromictic sub-basins the bottom water and sediment pore water appear to form a single continuous system, whereas in those sub-basins with oxygenated bottom water the sediment-water interface forms a pronounced chemical barrier.
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INTRODUCTION

Lake sediments are sinks for terrestrially derived material from the catchment. The composition of lacustrine sediment is altered by physical and (bio)chemical processes in the catchment, such as weathering and erosion of bedrock and soils, as well as processing of the eroded material during transport. Additional material is produced in the water column, e.g., phyto- and zooplankton, as well as mineral precipitates (Ryves et al., 2003; review in Volkman, 1986). After deposition on the lake floor, diagenetic processes modify the deposited material. For the aforementioned reasons, lacustrine sediment is a mixture of materials from different sources and records many different processes and conditions (Schnurrenberger et al., 2003).

The various components that make up the sediment tend toward chemical equilibrium with the surrounding pore water, leading to mineral dissolution, formation, and transformation (Burdige and Gieskes, 1983; Santschi et al., 1990). Differences in concentrations of dissolved compounds between the sediment pore water and water column lead to fluxes between these two pools. The sediment-water interface (SWI) is the site where gradients in physical, chemical and biological properties are steepest because it is the interface between two vastly different systems: (i) The open water column in which water moves freely at comparably high velocities, despite often being referred to as stagnant in the case of well stratified water bodies, thereby compensating and flattening most chemical gradients, and where solid material accounts for only a very small fraction of the total volume, and (ii) the sediment, where water movement is restricted by tortuous flow paths in the pore space, diffusion is the dominant transport process and solid material makes up the majority of the volume. Also, due to the much greater available surface area in sediments, microbial abundance is usually much higher than in the water column, with most microbes attached to particles, forming biofilms (Flemming, 1995). Due to the high microbial biomass, the metabolic activity in sediment leads to enhanced chemical exchange with their aqueous environment, involving metal sorption and precipitation (Konhauser et al., 1993).

The elemental and mineralogical composition of the sediment at the SWI provides the most accurate estimate of the composition and quantity of material that was transferred from the catchment and the water column to the sediment (Martin-Puertas et al., 2017). In deeper sediment layers this record might have been overprinted by diagenetic mineral transformations (Rothwell and Croudace, 2015). So, the processes at the SWI are perhaps the most crucial step in the transfer of material from the terrestrial to the lacustrine environment (Sun et al., 2016). Therefore, knowledge of the geochemical processes at this interface is imperative to understand biogeochemical cycling in a lake system.

Limnological studies have been carried out for a long time, but most were conducted in temperate lakes, which are controlled by entirely different physical conditions than lakes in tropical climates (Crowe et al., 2008; Katsev et al., 2017). Other than tropical climates being on average warmer (>18°C, Feeley and Stroud, 2018) than temperate ones, the most important difference between temperate and tropical lakes is the muted intra-annual (seasonal) temperature fluctuations in the latter, leading to a stable temperature gradient in the water column that is not disturbed by changing surface water temperatures. Therefore, many larger tropical lakes like Lake Tanganyika and Lake Matano are meromictic, i.e., the water column is permanently stratified with a well-mixed oxic surface layer (epilimnion or mixolimnion) and a denser anoxic deep layer (hypolimnion) and in some cases an even denser monimolimion below, which has fully reducing and often sulfidic conditions (Katsev et al., 2017). The stable stratification despite the small temperature differences between top and bottom waters is facilitated by the comparatively large density difference per unit temperature at high temperatures. Such a stable stratification has profound implications on the biogeochemistry of these lakes (Crowe et al., 2008).

As tropical areas usually have an annual wet and a dry season, but only minimal seasonal temperature fluctuations, the only parameter with annual variation is precipitation (Boehrer and Schultze, 2008; Katsev et al., 2017). High temperatures and, at least during some parts of the year, high precipitation rates, lead to strong weathering in the catchment, creating a high flux of suspended sediment and dissolved compounds from the catchment to the lake (Crowe et al., 2008). Most studies on tropical lakes focus on biodiversity of flora and fauna (review in Lohman et al., 2011), only a few focus on the biogeochemistry of these systems (review in Escobar et al., 2020).

Lake Sentani is located in Papua Province, Indonesia. Although the population around Lake Sentani is growing and the lake faces increasing anthropogenic nutrient input (Walukow et al., 2008; Indrayani et al., 2015a) the area still has a relatively low level of urbanization despite its proximity to Jayapura, the capital of the province. A unique feature is the lake’s shape, as it is divided into four sub-basins of which three are separated by shallow sills and one by a narrow natural canal (Sadi, 2014; Indrayani et al., 2015b). The catchment is geologically highly diverse, ranging from carbonates over clastic sediments to igneous and metamorphic rocks (Suwarna and Noya, 1995). The basins share a common surface water chemistry, but each basin receives different sediment input (Sadi, 2014).

Our previous work found that the surface sediment in each of Lake Sentani’s basins has a distinct geochemical composition, reflecting the lithology in the respective catchments (Nomosatryo et al., submitted). Therefore, Lake Sentani offers a unique opportunity to study the influence of catchment geology and water column stratification caused by variations in lake basin geometry in four basins that share a common surface water chemistry and overall climate conditions. As a result of the differences in catchment lithology, we hypothesized that each sub-basin not only has different sediment characteristics that sets it apart from the others, but that bottom water and pore water chemistry also reflect sediment composition.

To address our hypothesis, we conducted an integrated limnological and geochemical study in Lake Sentani to reveal the geochemical characteristics of the water column and porewater of the four sub-basins, which reveal considerable differences due to different catchment lithologies and water column structure, but share a common surface water chemistry. The data obtained during this study will provide crucial information to understand and predict the further development of the lake system under changing climate conditions and increasing anthropogenic pressure.



SITE DESCRIPTION

Lake Sentani (2°36′S, 140°30′E) is located near Jayapura, the capital city of Papua Province and lies at an elevation of 74 m asl. The lake is irregularly shaped with approximate dimensions of 28 km (East to West) by 19 km (North to South) and a surface area of 9,360 ha (Kementerian Lingkungan Hidup Republik Indonesia, 2011). Lake Sentani consists of four separate sub-basins. The three eastern sub-basins are connected by shallow sills, the westernmost sub-basin is connected via the Simporo passage (Lukman and Fauzi, 1991), a natural canal with a maximum depth of just 6 m (Figure 1). The volume of the lake is 4821.5 × 106 m3 (Sartimbul et al., 2015). The sub-basins have different maximum water depths. We tried to collect our samples at or close to the deepest parts of each basin. Our depth soundings at the sampling locations revealed depths between 11 and 43 m. Previous studies provided considerably different values with maximum depths ranging from 30 m (Sadi, 2014) to 70 m (Indrayani et al., 2015b).
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FIGURE 1. Map of Lake Sentani and its surrounding watershed. Catchment lithology is indicated by different colors. The lake is bounded by the Cyclops Mountains to the north and lowlands to the south. Sampling locations 1–4 are indicated by yellow circles. Locations 1 and 4 are located in the deepest sub-basins, whereas location 2 is in the shallowest sub-basin. The bathymetric map is modified after Sadi (2014), the lithology of Lake Sentani’s catchment is modified after Suwarna and Noya (1995) and the catchment boundary is modified after Sartimbul et al. (2015).


The lake has a catchment area of about 600 km2 and is bounded by the Cyclops Mountains (also called Cyclops Mountains) to the north (Tappin, 2007) and lowlands to the south. The north side of the lake is dominated by volcanic breccia, mafic, and ultramafic rocks as well as alluvial deposits, whereas the southern part of the lake is dominated by coralline-algal limestone, calcirudite, calcarenite of the Jayapura formation; sandstone and claystone, intercalation of limestone, siltstone and marl of the Aurimi formation; alluvial and basaltic deposits; alternating greywacke, siltstone and claystone intercalated with marl and conglomerate of the Makat formation; and finally Unk formation, consisting of alternating greywacke, claystone, siltstone, marl, conglomerate, and sandstone with lignite intercalations (Figure 1, Suwarna and Noya, 1995).

At least sixteen rivers drain into the lake. Yahim, the largest sub-catchment located on the north side of the lake, covers almost 38% of the total catchment (Supplementary Table 1). Twelve rivers come from the Cyclops Mountains on the northern side of the lake, and four rivers originate from the lowlands in the south (Figure 1). The Doyo River in the Yahim sub-catchment is the biggest single source of water to the lake with an average discharge of 18.98 m3s–1 (Supplementary Table 1, Handoko et al., 2014). The other rivers have discharge rates of <1 m3s–1; many are ephemeral and only have water during the wet season. The Jayafuri (also Jaifuri or Jayefuri) River, located in the southeastern tip of the easternmost basin, is the only outlet, having a discharge rate of 15.66 m3s–1 (Kementerian Lingkungan Hidup Republik Indonesia, 2011; Handoko et al., 2014).

The average annual precipitation around Lake Sentani is 1,691 mm/year (Sartimbul et al., 2015). Highest precipitation occurs in March, with an average of 206 mm; July has the lowest precipitation with 95 mm. Air temperature around Lake Sentani ranges between 23.6 and 32.2°C with July being the coldest month. Water temperature ranges from 29.3 to 30.5°C (Sadi, 2014). Lake Sentani shows significant heterogeneity with respect to spatial distribution of major elements in its surface sediment (Nomosatryo et al., submitted). The geochemical composition in the eastern basin of the lake is dominated by siliciclastic minerals, whereas the western part is strongly influenced by mafic and ultramafic catchment lithology.



MATERIALS AND METHODS


Field Campaigns

Three expeditions were carried out in April–May 2016, November 2016, and January 2018. Small local fishing boats were used as platforms. During the first campaign, we took measurements and samples at all four locations described in Figure 1. We sampled one location in the center and/or the deepest part of each sub-basin, locations were labeled 1–4 from west to east. Locations 1 and 4 have the greatest water depth and meromictic conditions. We measured the water depths at our sampling locations by echosounder, as well as by wireline. During the second campaign, we re-visited locations 2–4, and on the third campaign, we focused on the two sites with the deepest water and re-sampled location 1 in the westernmost sub-basin and measured profiles for water temperature, Dissolved Oxygen (DO), and conductivity at location 4 in the easternmost sub-basin.



Limnological Characterization and Water Column Sampling

During the first and third expedition, we measured profiles for water temperature, DO, and conductivity, using a conductivity-temperature-depth probe (CTD; Rinko-Profiler ASTD 102). During the second campaign in November 2016 we measured the same variables with a Water Quality data logger (YSI 6920, Yellow Springs Instruments, Yellow Springs, OH, United States). On all expeditions, measurements were also conducted on discrete water samples at 5- or 10-m depth resolution using a 5-L Niskin water sampler (General Oceanics, Miami, FL, United States). Water temperature, pH and conductivity were determined with a multi-parameter instrument (WTW, Multi 3420, Xylem Analytics, Germany); Dissolved Oxygen was measured with an optical Dissolved Oxygen Meter (YSI Pro ODO, Yellow Spring Instruments, Yellow Springs, OH, United States). Density of the water column was calculated from temperature profiles using R-package rLakeAnalyzer (Read et al., 2011).



Sediment and Pore Water Sampling

Sampling was conducted using a gravity corer (90 cm long, Ø 7 cm) and great care was taken to retrieve cores with an undisturbed sediment-water interface (SWI). We usually recovered duplicate sediment cores of at least 50 cm length from each sampling site. The cores were sectioned at 2-cm resolution from 0 to 20 cm depth, 5-cm resolution from 20 to 50 cm depth and 10-cm intervals below 50 cm. At least 16 depth intervals were collected from each core.

One entire core was sampled for pore water, another one for sediment analyses. Pore water sampling was conducted on site by squeezing with a small air-powered pore water press (Pore-water pressing bench, KC Denmark a/s). For each depth interval, at least 10 mL of pore water were collected in syringes, filtered through 0.2-μm pore size cellulose acetate membrane syringe filters to remove all particles and most microorganisms, transferred into 2-mL twist-top vials and stored at +4°C until analysis. Hydrogen Sulfide (HS–) in pore water was preserved by adding 0.4 ml of saturated ZnCl2 solution to 2 mL of sample.

Each sediment sample was packed into a gas-tight Aluminum foil bag and heat-sealed. Due to the unavailability of nitrogen gas, we tried to squeeze out as much air as possible, but some oxidation during storage and transport cannot be ruled out.



Water Analyses


Anion Analysis

Major inorganic anions (NO2–, PO43–, NO3–, and SO42–) were analyzed by using suppressed ion chromatography (IC). The system consisted of a SeQuant SAMS anion IC suppressor (EMD Millipore, Billerica, MA, United States), a S5200 sample injector, a 3.0 × 250 mm lithocholic acid column (LCA 14) and a S3115 conductivity detector (all Sykam, Fürstenfeldbruck, Germany). The eluent was 5 mM Na2CO3 with 20 mg L–1 4-hydroxybenzonitrile and 0.2% methanol. Flow rate was set to 1 mL min–1 and column oven temperature to 50°C. A multi-element anion standard (Sykam, Lot 20150220) containing NO2– (434.7 μM), PO43– (210.6 μM), NO3– (806.4 μM), and SO42– (520.5 μM) was diluted 10 times and measured every 10 samples along with a blank. Respective minimum detection (S/N = 3) and quantification limits (S/N = 10) were as follows: NO2– (4.1 μM; 14.14 μM), NO3– (2.8 μM; 9.3 μM), PO43– (4.3 μM; 14.3 μM) and SO42– (2 μM; 8.4 μM).



Cation Analysis

Major cations (Mg2+, Ca2+, and NH4+) were analyzed by using non-suppressed ion chromatography (IC). The IC system consisted of an S5300 sample injector (Sykam), a 4.6 × 200 mm Reprosil CAT column (Dr. Maisch HPLC, Ammerbuch-Entringen, Germany) and an S3115 conductivity detector (Sykam). The eluent was 175 mg L–1 18-Crown-6 and 120 μL L–1 methanesulfonic acid. The flow rate was set at 1.2 mL min–1 and column oven temperature at 30°C. A Cation Multi-Element Standard (Carl Roth) was diluted five times for calibration. Based on a respective signal-to-noise (S/N) ratio of 3 and 10 the detection and quantification limits were calculated for each ion and are as follows: Mg2+ (9.6 μM; 31.7 μM), Ca2+ (8.3 μM; 26.5 μM) and NH4+ (11.3 μM; 67.6 μM).

We also measured iron speciation on samples collected during the third expedition at location 1. The samples were kept in glass vials without headspace and measured photometrically (Viollier et al., 2000) within 6 h after sampling.



Phosphate Analysis

In most samples phosphate concentrations were below the detection limit of ion chromatography and were thus measured by spectrophotometry (Murphy and Riley, 1962). 0.5 mL sample was transferred to 1.5 mL disposable cuvettes (Brand Gmbh, Germany) and 80 μL reagent. The reagent was prepared by mixing 125 ml of 5 N sulfuric acid and 37.5 ml of 0.032 M ammonium molybdate, 75 ml of 0.1 M ascorbic acid solution and 12.5 ml of 4 mM potassium antimonyl tartrate solution. The absorbance was measured at 882 nm with a DR 3900 spectrophotometer (Hach, Düsseldorf, Germany). The detection limit of the method is 0.005 μM.



Sulfide Analysis

Hydrogen sulfide was preserved by adding 0.4 ml of saturated ZnCl2 solution to 2 mL of sample almost immediately after collection. The concentration of HS– was quantified spectrophotometrically using the methylene blue technique (Cline, 1969). Samples were measured by adding 40 μL diamine reagent to 0.5 mL homogenized ZnCl2-preserved samples. Absorption was measured at 668 nm using a DR 3900 spectrophotometer (Hach, Düsseldorf, Germany). The detection limit is 0.25 μM with a 1 cm cuvette. Samples were measured in duplicate. For all spectrophotometric analyses, the concentrations are given as average values; error bars are one standard deviation. Reproducibility was always better than 5%.



Total Alkalinity Determination and Dissolved Inorganic Carbon (DIC) Calculation

Total alkalinity (TA) was determined immediately after pore water squeezing by colorimetric titration, pH was measured using a Horiba pH-22 Twin Compact pH Meter. These two variables were used to calculate DIC from the carbonate speciation (DIC = CO2 + HCO3– + CO32–) using the LLNL method in PHREEQC (Parkhurst and Appelo, 1999).




Sediment Analyses

The sediment samples were freeze-dried and the large material such as rock, shells, twigs, and leaves, was removed using tweezers. Grinding was done manually in a porcelain mortar and the entire sediment sample was passed through a 63-μm-mesh sieve.


TC, TOC, and TN Analyses

For quantification of TC and TN, about 5 mg of material was combusted in tin foil at 950°C in a Vario EL III analyzer (Elementar Analysensysteme GmbH). For TOC quantification, about 15–100 mg of material was combusted at 580°C using a Vario Max C analyzer (Elementar Analysensysteme GmbH), after pretreatment with HCl. The detection limit of these methods was 0.1 wt.% for TOC and TN and 0.05% for TC.



Mineralogical Analyses

Mineralogical data were collected with a PANalytical Empyrean X-ray diffractometer operating with Bragg-Brentano geometry at 40 mA, 40 kV, and Cu-Kα radiation. A random distribution of the powdered sample was prepared for bulk-rock mineralogy analysis. The identification of the mineralogy was performed using the EVA 11.rev.0 Software (Bruker).



X-Ray Fluorescence (XRF) Scanning

About 4 g of freeze-dried sediment powder was loosely packed in sampling cups (∼2 cm high, Ø 2 cm) and covered with X-Ray-transparent foil. Analysis of elemental sediment composition was performed on these samples using an ITRAX XRF core scanner with a Cr X-ray source (30 kv, 55 mA, and 10 s). Element intensities of all samples (N = 55) obtained by XRF core scanning were calibrated using quantitative results of 11 discrete reference samples. Reference analyses were performed on glass beads using a PANalytical AXIOS Advanced XRF. International and internal reference samples were used for calibration. Coefficients of determination (R2) of the XRF scanning calibration are in Supplementary Table 1. Sediment characterization based on geochemical results was conducted using principal component analyses (PCA) and hierarchical clustering of the calibrated and log-ratio-transformed XRF core scanning data (Weltje et al., 2015). Element correlations and compositional grouping by means of hierarchical clustering were visualized using a biplot of the first two principal components.




Reaction Rate and Flux Calculations

Using the MatLab routine of Wang et al. (2008) we quantified net rates of production and consumption of several dissolved pore water compounds that play a quantitatively significant role in carbon remineralization processes. The model requires several data a priori. We used sediment porosity data from location 1 to calculate the reaction rates at all locations (Supplementary Table 3). Diffusion coefficients (assuming 25°C) of the respective compounds were 1.85 × 10–9 m2 s–1 for NH4+, and 1.11 × 10–9 m2 s–1 for HCO3– (Schulz, 2000). We used the latter as the dominant species of dissolved inorganic carbon (DIC). Because we did not have values for sedimentation rates at Lake Sentani, we used a typical value for tropical oligotrophic lakes (1.9 × 10–4 m yr–1, Russell et al., 2014) and assumed steady-state conditions. A minimum of five measured concentration data points was used to determine each reaction zone. Uncertainties in the rate estimates were quantified using a Monte Carlo technique (Wang et al., 2008).




RESULTS


Water Column Characteristics

There were differences in the vertical structure of the water column among the locations and sampling times (Figure 2). At all four locations, temperatures ranged from 31.0 to 32.5°C at the lake surface to 29.0–30.0°C at the bottom, but each location exhibited a distinct temperature profile.
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FIGURE 2. Water column profiles of density, temperature, dissolved oxygen (DO), oxidation-reduction potential (ORP), and pH of the four sampling locations in Lake Sentani. Measurements were taken in April (black) and November (green) 2016 and January 2018 (red). The profiles show clear thermal stratification with a well-mixed epilimnion extending to about 10 m water depth (light green shading) and a denser hypolimnion below about 15–20 m (dark green shading), depending on the basin and time of measurement. Diagonal line pattern indicates the fluctuations of the epilimnion boundary. Negative ORP values characterize the monimolimnion (yellow shading) with reducing conditions.


Both the temperature and density profiles show small but measurable fluctuations between seasons. Except for the measurements from the November 2016 campaign, when temperatures decreased rather steadily with depth, profiles from all other sites show a relatively distinct thermocline. The temperature profiles are mirrored by the density profiles, with lower values of 0.995 g cm–3 at the surface and 0.996 g cm–3 at the bottom. Temperature and density fluctuations have little effect on the depth of the oxycline, which appears to remain fairly stable throughout the year.

The two deepest locations, 1 and 4, show relatively steep oxyclines, with oxygen concentrations decreasing rapidly below 10 m water depth. The shallowest location (2) exhibits features similar to locations 1 and 4, although oxygen is never fully depleted because of the shallow water depth. At location 3 the decline in DO is much more gradual than at the other locations and only reaches full depletion at 25–30 m, similar to location 1. The depth of DO depletion marks the change of the Oxidation Reduction Potential (ORP) value from positive to negative.

At all locations, the surface water is slightly alkaline, with pH values around 8.5, dropping with depth by about one unit. The depth profiles are similar to the oxygen profile with a rapid decrease at the oxycline and a more gradual drop below. One notable feature of location 1 is that pH varies by about half a pH unit between April and November in the upper 10 m but remains stable at the other sites.



Anion and Cation Distributions in the Water Column and Porewater

The concentration profiles of dissolved anions and cations such as phosphate (PO43–), sulfate (SO42–), sulfide (HS–), ammonium (NH4+), Calcium (Ca), and Magnesium (Mg) in the water column and porewater are presented in Figure 3. Concentrations of NO3 and NO2 were below the detection limit in both the water column and pore water.
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FIGURE 3. Vertical distribution of anions and cations in the Lake Sentani water column and sediment pore water. The horizontal dashed-dotted black lines indicate the oxycline on the different sampling dates, black indicates April 2016, green November 2016, and red January 2018. Pore water profiles are indicated by the gray shaded area. Reproducibility was always better than 5%. See main text for details.


At all four locations, phosphate concentrations in the oxic surface water were around our detection limit and only increased below the oxycline. At location 1 the depth of oxygen depletion had shifted from 15 to 30 m between the two sampling campaigns, but the phosphate profiles from both campaigns are identical. Despite some scatter in the data from locations 2 and 4, there appears to be a flux of dissolved phosphate out of the sediment into the water column at all locations.

Sulfate concentrations are 28–31 μM in the oxic surface water of all locations. Above the oxycline, values remain rather stable, but decrease in the anoxic part with concentrations between 10 and 15 μM at the SWI. Pore water sulfate concentrations decrease even further and fall below our detection limit (∼2 μM) in the upper few cm. Values remain around the detection limit throughout the rest of the core at all locations.

Hydrogen sulfide (HS–) concentrations in the oxic surface waters are below our detection limit at all locations, but increase with depth below the oxycline. There is a distinct difference between the concentration profiles below the oxycline at locations 1 and 4. Whereas the concave upward profile at location 1 indicates hydrogen sulfide production in the water column, the linear to the slightly concave downward profile at location 4 indicates no production in the water column but either a purely diffusive flux or consumption of hydrogen sulfide. Location 2 has a fully oxygenated water column and therefore no hydrogen sulfide. At location 3 the sample resolution below the oxycline is too low to asses whether any production or consumption takes place in the bottom water.

At location 1 the ammonium (NH4+) concentration profile in the water column shows low concentrations and a slight increase close to the SWI. However, it displays a different trend in the porewater. Generally, the concentration of NH4+ in the pore water increases with depth. Locations 2 and 3 have steeper pore water gradients than the other locations. Location 4 shows the lowest gradient.

Calcium and Magnesium concentrations in the water column reveal constant profiles from the surface to the bottom at all locations. In the porewater, there are two pairs of locations that display similar profiles; at locations 1 and 4 the relatively constant values from the water column continue, whereas at locations 2 and 3 the Ca2+ concentration profiles start to increase with depth below ∼10 cm depth in the sediment.



Reaction Rate of Organic Matter Mineralization

Production and consumption of dissolved pore water constituents can provide crucial information about early diagenetic reactions, most of which are driven by microbial activity. As organic matter mineralization leads to CO2 production, the DIC concentration can be used as a good proxy for microbial activity (Figure 4). At all locations, DIC concentrations increase with depth, although with different slopes. Locations 1 and 2 have almost linear gradients and only show curvature, i.e., production, in the upper 12 cm, whereas locations 3 and 4 show stronger curvature and higher DIC production rates.
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FIGURE 4. Calculated reaction rates based on measured pore water concentrations and physical properties. The symbols represent measured concentrations, the black line shows the modeled concentration. Production and consumption rates of the respective compound are shown by positive or negative values of the blue line, respectively. The red lines indicate error ranges. See main text for details.


Mineralization of organic matter also releases NH4+ to the porewater. As for DIC, concentrations increase with depth, but the respective profiles show somewhat different curvatures and hence zones of production. Locations 1 to 4 all show almost linear gradients, reflecting low production rates. Location 4 reveals a steeper slope in the NH4+ concentration profile, especially in the upper 15 cm, and consequently several times higher production rates.



Sediment Characteristics


Sediment Carbon and Nitrogen

With values between 8 and 16 dry wt% total carbon (TC), concentrations are dominated by organic carbon, which constitutes at least 80% of the TC (Figure 5). Surprisingly, the concentrations of TOC do not decrease with depth as a consequence of microbial degradation taking place continuously throughout the sediment column, but rather increase at all locations except location 1, which shows considerable scatter in the profile.
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FIGURE 5. Down-core variation of total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN), and molar C/N ratio.


Total nitrogen (TN) concentrations are between 0.33 and 1.91%. With the exception of location 3, the concentration profiles are more or less constant with depth. The C/N ratios are very similar at all sites and depths, starting at the SWI with values around 8–10 and increasing more or less linearly to values close to 15 deeper in the profiles.



Mineralogy

The overall mineralogy in the samples is quartz, chlorite, kaolinite, plagioclase, pyrite, illite, and amphibole (Figure 6A). Based on the peak shape, chlorite-smectite interlayers were detected at locations 1 and 2, whereas dolomite was observed solely at location 1. Calcite is absent in all samples. Pyrite is more dominant in locations 1 and 2. These two locations also have higher sulfur and TOC values. Locations 3 and 4 contain a higher amount of ultramafic minerals such as amphibole and talc, originating from the Cyclops Mountains, whereas locations 1 and 2 contain material originating from catchment areas composed of alluvial, claystone, siltstone, sandstone, and carbonate rocks.
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FIGURE 6. Mineralogy (A) and elemental composition (B) of Lake Sentani sediment. The term “Other” in (B) denotes other elements and organic matter.




Elemental Composition

Calibration results of the XRF core scanning data for major elements detected in Lake Sentani sediment include Mg, Al, Si, S, K, Ca, Ti, Mn, and Fe (Supplementary Tables 2, 4). The coefficients of determination (R2) of the calibration results are between 0.68 and 0.93, except for Ca (R2 = 0.09). The poor correlation of Ca can be ascribed to the low and very limited variations of the Ca concentrations in the samples, which range from 1.4 to 2.1% (Supplementary Tables 2, 4). Silica is the most abundant element and accounts for about 42–60 wt% at all locations. Location 1 shows higher Si concentrations than the others (Figure 6B). Ca is distributed almost evenly across all locations. Concentrations of Al and Mg show considerable differences between locations. With average concentrations of 18.37 and 16.67%, respectively, locations 1 and 2 have higher Al concentrations than locations 3 and 4. Magnesium shows the opposite pattern with average concentrations of 3.99 and 5.15% for locations 1 and 2, respectively, compared to 11.41 and 12.15% for locations 3 and 4. Iron concentration shows little variability within cores, but considerable differences between sites, with average concentrations of 4.1, 14.93, 12.53, and 9.89% at locations 1–4, respectively. Although Mn only accounts for a few percent of the total sediment, it shows a clear bimodal distribution, with higher values at locations 1 and 4 and lower ones at locations 2 and 3. Even though K and Ti only account for a maximum of one percent, K shows a gradual decrease from location 1 to location 4. The average concentration of Ti at location 1 is higher than at the other locations.




Sediment Geochemical Characteristics

The first two principal components PC1 and PC2 explain 47.1 and 29.1% of the total variance, respectively. The lithogenic elements Al, K, and Ti have a strong negative loading on PC1 and are oriented in the same direction indicating a positive correlation (Figure 7). The element Si shows a negative loading on PC1, but a positive loading on PC2. The element Si has two main sources, one is silicate frustules of diatoms and the other is siliciclastic minerals of the lithogenic sediment fraction. The elements Mg, Ca, and Fe all have a positive loading on PC1, but only Ca and Fe are oriented in the same direction indicating a positive correlation (Figure 7). The opposite orientation of lithogenic elements Al, K, Ti, and the elements Mg, Ca, and Fe along PC 1 reveals that these elements represent different sediment fractions that are negatively correlated.


[image: image]

FIGURE 7. Principal Component Analysis (PCA) of the elemental composition (A) and ratios of selected elements (B). Both the first and second Principal Component (PC) contribute to distinguishing sediment characteristics between locations. The selection of elements for the ratios was based on the fact that each pair is on opposite ends of one of the PCA axes. The numbers in (A) indicate sediment depth (cm).


The four sediment cores can be clearly distinguished based on their distribution in the PCA biplot (Figure 7A). Samples from location 1 all group on the left side of the biplot, whereas locations 2–4 group on the right and display a gradual and partly overlapping shift with respect to PC2. The distribution of the four locations suggests that lithogenic sediments are more dominant at locations 1 and 2, with a stronger influence of Si at location 1 and Al, K and Ti at location 2. The gradual change displayed by locations 2–4 suggests an increasing influence of the elements Mn and S, which is probably related with an increasing amount of organic matter.

PC2 has an opposite correlation of the two redox-sensitive elements Mn and Fe. In both locations 1 and 4, there is a weak correlation between PC2 and sediment depth. Although location 1 shows decreasing PC2 values with increasing depth, with the three deepest samples revealing negative numbers, location 4 shows the opposite trend, with the three shallowest samples having negative PC2 values.

Based on the PCA analysis, we found that Ti forms opposing pairs with Fe and Si on PC1 and PC2, respectively. A similar pair is formed by S and Fe on PC2. Therefore, these element ratios (Figure 7B) can be used as proxies for different sediment input and water column conditions.




DISCUSSION


Physicochemical Characteristics of the Water Column

The water column profiles show clear signs of stratification, which have profound effects on the overall structure of the water column and bottom water oxygenation in all four sub-basins of Lake Sentani. Although all sub-basins have a well-mixed epilimnion, basins 1 and 4 both have anoxic monimolimnia (Figure 2), and in basin 3, DO just reaches depletion at the SWI and basin 2 remains oxic, albeit at low concentrations (Figure 2). These findings indicate that there is one location that is oxygenated (2), one intermediate (3) and two fully meromictic basins (1 and 4) in Lake Sentani, while all four sub-basins share the same surface water chemistry. We did not sample in the coldest month (June), when overturn would be most likely, but the water column profiles from the other three sampling campaigns show relatively little variation, so we are confident that the water column is stable throughout the year.

Different patterns of water column stratification are reflected in the pore water profiles. The vertical distribution patterns of anions differ considerably between the fully oxygenated (loc. 2), the intermediate basin (loc. 3) and the two meromictic basins (loc. 1 and 4). Even in highly oligotrophic lake systems with low sediment organic carbon concentrations and fully oxygenated bottom waters, oxygen penetrates at most only a few mm into the sediment (Corzo et al., 2018). Therefore, reducing conditions and hence anaerobic processes are prevalent in the sediment at all locations (Figure 3).

In the absence of other electron acceptors with a higher energy yield (NO32–, Fe3+, and Mn4+), the anaerobic degradation of organic matter will proceed via sulfate reduction (Froelich et al., 1979). Sulfate concentrations in Lake Sentani are around 18–25 μM, which is about twice as high as in other oligotrophic lakes in Indonesia, e.g., Lake Matano or Lake Towuti, but less than one thousandth that in the ocean (Jørgensen et al., 2001; Vuillemin et al., 2016). Sulfate concentrations are more or less constant throughout the water column of the oxic basin (loc. 2) and above the oxycline in the meromictic basins (loc. 1 and 4). The product of sulfate reduction, HS–, is present in all sediment samples at all locations, but the considerable scatter within the profiles, possibly indicating some degree of sulfide oxidation during sample handling, prevents the identification of clear depth trends. Nevertheless, the presence of HS– indicates that even such low sulfate concentrations are sufficient to enable microbial sulfate reduction (Crowe et al., 2014; Vuillemin et al., 2016).

Although it is not surprising that there is no HS– in the oxic water column of location 2, even the low DO concentrations at the SWI of loc. 3 appear to be sufficient to facilitate oxidation of HS–. At locations 1 and 4, HS– is present throughout the monimolimnion and only becomes depleted at the oxycline. Unfortunately, the data show too much scatter (loc. 1) and have insufficient resolution (loc. 4) to assess whether the HS– concentration profile is purely diffusive and sulfide oxidation is limited to the oxycline or whether it indicates production or consumption throughout the monimolimnion. It is interesting to note that sulfate and sulfide coexist in the monimolimnia of locations 1 and 4. Given the thermodynamically constrained sequence of electron acceptor use (Froelich et al., 1979), there appear to be sufficient available electron donors that would yield greater energy than sulfate. In this case nitrate and manganese oxides are not quantitatively important, and ferric iron is most probably the main electron donor (Supplementary Figure 1) thereby preventing sulfate reduction. We consider neither anoxygenic photosynthesis nor sulfide oxidation with another electron acceptor to be a significant source of sulfate in the monimolimnion. There are no suitable electron acceptors available and anoxygenic photosynthesis can be excluded due to water depth. Moreover, the concentration profiles of sulfate and sulfide provide no indication for sulfide oxidation.

Despite some variation in maximum concentration levels, the PO43– profiles are quite similar at all locations. Similar to HS–, the shape of the concentration profiles in the water column reflects redox conditions, with both ions only showing enrichment in the sediment pore water and anoxic parts of the water column, indicating that the oxic-anoxic interface represents an efficient barrier for both ions, although the mechanisms that govern their respective concentrations are quite different. Whereas HS– can be oxidized both biologically and abiologically (Millero, 1991), PO43– is usually bound in biomass or adsorbed to mineral surfaces, particularly Fe-oxy-hydroxides (Davison, 1993).

The increasing concentration of phosphorus in the anoxic bottom water is apparently caused by release of iron-oxide-bound phosphate. Although we only have iron speciation data from location 1 (Supplementary Figure 2), they indicate that phosphate and iron are tightly coupled. Below the oxycline, the concomitant increase in dissolved PO4 and Fe (II) show that the reduction of solid Fe (III) to dissolved Fe (II) leads to a release of adsorbed PO4. The same process has also been shown for tropical ferruginous and oligotrophic Lake Matano, South Sulawesi, Indonesia (Crowe et al., 2008; Katsev et al., 2010).

The different patterns in ion distribution in relation to water column structure of each basin are clearly shown in the cation concentration profiles. The cation species analyzed in our study are not involved in redox processes, however, the anaerobic mineralization of organic matter will liberate ammonium as a product (Hansen and Blackburn, 1991; Beutel, 2006). Different from HS– and PO43–, which diffuse out of the sediment and become enriched in the anoxic water column, NH4+ mainly remains below our detection limit in most water column samples, except the bottom two samples of location 1 (Figure 3). Interestingly, the pore water NH4+ concentration profiles increase at a steeper rate in basins 2 and 3, which have oxygenated bottom waters, than in meromictic basins 1 and 4. We do not have an explanation for this observation, but one possibility could be the difference in N-incorporation efficiencies between aerobic and anaerobic bacteria (Hansen and Blackburn, 1991; Canfield et al., 1993).

As for ammonium, the concentration profiles of Ca and Mg, particularly the pore water profiles, can be divided into two groups, according to the stratification of the water column. Meromictic basins 1 and 4 reveal the same concentration throughout the water column and the sediment, indicating no net consumption (loss) or production (gain) of either compound on either side of the oxycline, although at location 4 there is a slight excursion to higher values in the upper 10 cm of the sediment. In basins 2 and 3 the water column profiles also do not show any concentration changes, but the sediment pore water concentration profiles continue the trend from the water column through the upper ∼10 cm before starting to increase almost linearly with depth; at 30 cm depth they reach values that are higher by about 50% than in the water column. The depth at which the concentrations of Ca and Mg increase starts coincides with the depth at which ammonium also starts to become enriched in the pore water. A possible explanation could be oxidation of sulfide minerals (FeS and FeS2, Figure 6A), which are present in the upper part of the sediment. Sulfide oxidation produces protons that could facilitate the dissolution of calcite and dolomite in the sediment (Smolders et al., 2006). However, the XRF analyses of the sediment do not indicate preferential dissolution of Ca and Mg at locations 2 and 3, and moreover we cannot identify potential oxidants that could drive this reaction.

Overall, the vertical concentration profiles indicate differences in biogeochemical processes between the basins. Although in meromictic basins 1 and 4, the bottom water and the sediment pore water are to some degree a single continuous system, even low DO concentrations are sufficient to form an effective barrier for reduced species.



Geochemical Characteristics

The geochemical composition of Lake Sentani’s surface sediment (Nomosatryo et al., submitted) and the short cores presented in this study is the result of equilibrium processes between the sediment, porewater and water column. The differences in sediment composition are representative of (i) the different processes and conditions in the water column of the basins, as well as (ii) the different sediment input caused by lithological variations in the catchment. The mafic and ultramafic lithology of the Cyclops Mountains deliver more Mg and Fe into basins 3 and 4 (Figures 1, 7). Since Al and Ti are not redox sensitive, they are relatively conservative during diagenetic processes (Boës et al., 2011) and therefore rather immobile. Fe and Mn are both highly redox sensitive and therefore strongly involved in redox-driven element cycling, particular in those basins where conditions become anoxic in the water column.

Weathering in the catchment area leaches elements such as Mg, Ca, Fe from the bedrock and soils, which are eventually transported into the lake via rivers, streams or mass wasting and direct runoff from the slope. The less soluble elements Al, Si, and Ti enter the lake as particulates rather than in dissolved form. Dissolved elements and particulates undergo biological and chemical transformation in the water column before deposition on the lake floor (Sheppard et al., 2019) where diagenetic processes further change the composition of the sediment (Davies et al., 2015; Rothwell and Croudace, 2015).

The distinct geochemical characteristics in sediment composition between the different locations are the result of several factors. The most important factor appears to be the lithology of the catchment. Lake Sentani is bounded to the north by the Cyclops Mountains, which are mainly composed of Fe- and Mg-rich mafic and ultramafic rocks. However, most of the runoff from these areas enters the two easternmost basins, 3 and 4, hence their correlation with Fe and Mg on PC1 (Figure 7). Nomosatryo et al. (submitted) showed that there is strong enrichment of Mn in the deepest part of basin 4, roughly coinciding with location 4 used in this study. In our present study we can show that the sediment cores from both deepest basins (1,4) reveal higher Mn concentrations than shallower basins 2 and 3. Consequently, locations 1 and 4 plot positively on PC2, and so does Mn (Figure 7). Although the ultimate reason for the enrichment could not be identified there are strong indications that the enrichment was caused by enhanced biogeochemical cycling of Mn, whereas the much more abundant Fe behaved more like a detrital element, which might also explain its correlation with Mg and Ca. At first glance it appears counterintuitive that sediment from location 1, which is surrounded by basaltic and mafic rocks has the lowest Fe concentrations. However, most rivers that enter basin 1 come from the west and the south and drain catchments mainly composed of limestone (Figure 1). Moreover, because these rivers are small and ephemeral (Supplementary Table 1), plus the fact that they are flowing through very flat terrain, and location 1 being rather well isolated from these rivers, it is not too surprising that Ca and Mg are low at this location as well. So it is not just the geology of the immediate surrounding that shapes the elemental and mineralogical composition of a lake sediment, but also the pathways of the rivers draining into it and the topography of the terrain.

Location 1 is a good example of the shifting geochemical composition over different time scales. The relatively small basin is subdivided by two peninsulas with steep slopes that reach deep into the basin. Location 1 seems to be weakly stratified as shown by the DO profile data, where the depth of the oxycline changed from 30 to 15 m between April 2016 and December 2018 (Figure 2). Water column dynamics also affect the concentration profiles of redox-sensitive anions like sulfate and sulfide. Compared to the other meromictic location 4, the profiles show more scatter, which we interpret as a result of non-steady-state conditions in response to a rapidly fluctuating oxycline depth. On longer timescales, we can also observe shifts in geochemical conditions caused by changes in sediment input. The PCA provides a weak indication for a change in sediment composition around a depth of 19 cm, and with one exception (42.5 cm) all samples below this depth have lower or even negative PC2 values. At this depth we can also observe a shift in TC, TN, and C/N ratio (Figure 5). As we do not have any age information from the sediment cores we can only speculate about the reason for this shift, but it clearly shows that each basin individually records local variations in sediment input or diagenesis, which might have multiple causes, e.g., changes in water column stratification, bottom water oxygenation, changes in land cover or runoff in the catchment. Identification of the reasons for these changes is beyond the scope of this study but our data show that these sediments offer the chance to study small-scale variations in the catchment and/or the water column.

Location 4 is also meromictic, but its stratification is much more stable than at location 1, given the little variation in oxycline depth over the different sampling campaigns. This results in more stable concentration gradients, showing less scatter and very little difference between the sampling campaigns. The sediment at this location also reveals compositional changes with depth. The three uppermost samples, from the SWI to 6 cm, are the only ones with a negative PC2 (Figure 7). These three samples also show a markedly different trend in TC and TN (Figure 5), indicating a shift in sedimentary input.

The differences in water column structure do not have a noticeable impact on the quality or the amount of sediment organic matter (OM). The fact that variations in sediment organic matter composition correlate with changes in element composition indicates that changes in environmental variables like erosion rates or land cover have a decisive influence on sediment composition. Although there are similarities in concentration profiles of individual elements and variables among basins, there is a sufficient number of differences that clearly show that each basin underwent its own evolution and its sediment provides a sensitive record of small-scale environmental variations.

The TOC concentration is influenced by both initial production and deposition of biomass and subsequent degradation (Meyers and Teranes, 2001). In all basins, TOC concentrations are sufficiently high to fuel abundant microbial respiration and therefore diagenetic processes. The concentrations lie between values typical for oligotrophic tropical lakes like Lake Towuti (2–3.5%) (Vuillemin et al., 2016) to eutrophic ones like Lake Maninjau (∼22%) (Henny and Nomosatryo, 2012). The source of organic matter appears to be relatively similar between locations, although there are local variations in both concentration and composition of organic matter, the latter being indicated by variable quantities of diatom frustules, found in smear slides (data not shown).

Even though nutrient concentrations in the water column are currently low, shifts in productivity are recorded in the sediment record. Overall the C/N ratio increases with depth, which can be interpreted either as a gradual shift from a more terrestrial organic matter input (with relatively higher C/N ratio) toward a lacustrine (phytoplankton) source of organic matter (Meyers, 2003). Another possibility could be increasing degradation of the more reactive algal material over time (Kaushal and Binford, 1999). Without any detailed analyses of the sediment organic matter, we are not able to provide a definitive explanation for the trend. We suspect that the higher C/N ratio in deeper sediment relates to past climate change but without proper age information this remains speculative.

The quantitatively dominant element in Lake Sentani is Si (Figure 6). Both biogenic (diatoms) and abiogenic Si (silisiclastics) are present in all samples although biogenic Si is never dominant. The opposite loading vector of Si and Ti on the PC2 (Figure 7) can be used as an indicator of the source of Si. High Si and low Ti indicate a more biogenic source, and low Si and high Ti a more abiogenic one. Given the small size of the individual basins and the many factors that influence element distribution in the sediment it remains questionable whether the Si/Ti ratio could be used to reconstruct productivity in the lake. The fact that both meromictic basins correlate positively with Si indicates that water column structure appears to have an influence on this ratio as well. Still, the correlation between sediment depth and PC2 for locations 1 and 4, albeit weak, can be interpreted as an indication of changing productivity over time.




CONCLUSION

Despite sharing a common surface water chemistry, each of the four sub-basins of Lake Sentani has a distinct water column structure and sediment chemistry. The effects of water column stratification and shifts in oxygenation levels appears to be most pronounced in the deeper basins. Sediment composition is mostly controlled by catchment geology, but water column stratification and in particular bottom water oxygenation has a strong influence on the elemental composition of the sediment and pore water composition. Depth profiles of dissolved chemical species in the water column and the sediment pore water provide information on fluxes, rates and hot spots of mainly microbially driven organic matter degradation processes. Lake Sentani provides a unique chance to study the influence of different environmental factors on sediment composition under identical climate and hydrological conditions.
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