
Vol.: (0123456789)
1 3

J Paleolimnol (2023) 69:1–20 
https://doi.org/10.1007/s10933-022-00259-4

ORIGINAL PAPER

Surface sediment composition and depositional 
environments in tropical Lake Sentani, Papua Province, 
Indonesia

Sulung Nomosatryo · Rik Tjallingii · 
Cynthia Henny · Iwan Ridwansyah · 
Dirk Wagner · Sara Tomás · Jens Kallmeyer 

Received: 9 October 2020 / Accepted: 16 July 2022 / Published online: 5 August 2022 
© The Author(s) 2022

different sediment types are mainly characterized by 
the correlation of elements associated with redox pro-
cesses (S, Mn, Fe), carbonates (Ca), and detrital input 
(Ti, Al, Si, K) derived by river discharge. The rela-
tively coarse-grained river sediments mainly derive 
form the mafic catchment geology and contribution 
of the limestone catchment geology is only limited. 
Correlation of redox sensitive and detrital elements 
are used to reveal oxidation conditions, and indicate 
oxic conditions in river samples and reducing con-
ditions for lake sediments. Organic carbon (TOC) 
generally correlates with redox sensitive elements, 
although a correlation between TOC and individual 
elements change strongly between the three sediment 
types. Pyrite is the quantitatively dominant reduced 
sulfur mineral, monosulfides only reach appreciable 
concentrations in samples from rivers draining mafic 
and ultramafic catchments. Our study shows large 
spatial heterogeneity within the lake’s sub-basins that 
is mainly caused by catchment geology and topog-
raphy, river runoff as well as the bathymetry and 
the depth of the oxycline. We show that knowledge 
about lateral heterogeneity is crucial for understand-
ing the geochemical and sedimentological variations 
recorded by these sediments. The highly variable con-
ditions make Lake Sentani a natural laboratory, with 
its different sub-basins representing different deposi-
tional environments under identical tropical climate 
conditions.

Abstract Tropical Lake Sentani in the Indonesian 
Province Papua consists of four separate basins and is 
surrounded by a catchment with a very diverse geol-
ogy. We characterized the surface sediment (upper 
5  cm) of the lake’s four sub-basins based on multi-
variate statistical analyses (principal component 
analysis, hierarchical clustering) of major element 
compositions obtained by X-ray fluorescence scan-
ning. Three types of sediment are identified based 
on distinct compositional differences between rivers, 
shallow/proximal and deep/distal lake sediments. The 
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Introduction

Chemical composition of lacustrine sediments is 
controlled by biological, chemical, and physical 
processes both within the lake and during sediment 
transport to the lake. In tropical regions with high 
precipitation, particulate and dissolved compounds 
are transported into the lake mostly by rivers  (Stal-
lard and Edmond 1983). In these regions, strong 
chemical weathering of bedrock material and rapid 
soil formation alters erosion products that are trans-
ported by streams and rivers and accumulate in lacus-
trine deposits. High temperatures and, at least during 
some parts of the year, high precipitation rates, lead 
to strong chemical weathering in the catchment, cre-
ating a high flux of suspended sediment and dissolved 
compounds from the catchment to the lake (Crowe 
et al. 2008; Liu et al. 2012). In aquatic environments, 
biological activity and the production of organic mat-
ter play a prominent role on the level of oxygenation 
in the water column and at the sediment–water inter-
face (Santschi et  al. 1990). Degradation of organic 
matter by heterotrophic microorganisms is the main 
consumer of dissolved oxygen (Holmer and Stork-
holm 2001). After oxygen has been depleted, com-
pounds like metal (mostly Fe and Mn) oxides, nitrate 
or sulphate are being used as electron acceptors in the 
anaerobic degradation of organic matter (Froehlich 
et  al. 1979). Heterotrophic degradation of organic 
matter, particularly with metals as electron accep-
tors, plays a dominant role on diagenetic alteration 
of lacustrine sediments (Capone and Kiene 1988). 
For example, solid ferric (oxyhydr)oxides can enter 
the lake either as detrital minerals or are formed in 
the water column under oxidizing conditions (Zeg-
eye et  al. 2012; Vuillemin et  al. 2019). Upon deple-
tion of electron acceptors with a higher energy yield, 
i.e. oxygen, nitrate,  Mn4+ (Froelich et al. 1979), these 
minerals can be reduced, producing dissolved Fe(II) 
which might diffuse upward and become oxidized 
again, or form ferrous minerals (Fredrickson et  al. 
1998; Vuillemin et al. 2019, 2020; Bauer et al. 2020). 
Even in highly oligotrophic systems with low organic 
carbon concentrations, anaerobic processes domi-
nate sedimentary mineral transformation, as oxygen 

only penetrates a few mm into the sediment (Corzo 
et  al. 2018). Hence, sediments in tropical lakes are 
influenced by chemical weathering of bedrock in 
the catchment, fluvial transport, and alteration in the 
water column as well as diagenesis after deposition 
(Hasberg et al. 2019).

Despite all the chemical variations caused by a 
number of conditions and processes both in the catch-
ment and the water column, the “finger print” of the 
source rock, i.e. its primary chemical signature is still 
at least partly visible in surficial lacustrine sediment. 
Elemental and mineralogical compositions of near-
surface sediment provide detailed information on the 
distribution of the dominant sediment sources and 
the main depositional environments in a lake system. 
In addition, detailed characterization of depositional 
environments can provide fundamental information 
for the interpretation of sediment cores that archive 
long time series of depositional changes (Last and 
Smol 2001).

Most limnological studies are carried out in tem-
perate lakes, whereas the special characteristics of 
lacustrine sediment in tropical lakes are still largely 
unknown (Escobar et  al. 2020). The most important 
difference between temperate and tropical lakes are 
the small seasonal temperature fluctuations in the 
latter, leading to an often more stable temperature 
gradient in the water column that is not disturbed by 
changing surface water temperatures. However, even 
subtle temperature fluctuations in combination with 
increased evaporation during the dry season can lead 
to sufficient cooling to allow overturning of the water 
(Lewis 1987).

The main annual climatic variation is precipitation 
with one or two wet and dry seasons (Boehrer and 
Schultze 2008; Katsev et al. 2017). Therefore, many 
large tropical lakes like Malawi, Tanganyika and 
Matano are meromictic (Katsev et  al. 2017), i.e. the 
water column is permanently stratified with a well-
mixed oxic surface layer (epilimnion) and a denser 
anoxic deep layer (monimolimnion) (Crowe et  al. 
2008; Roland et  al. 2017; De Crop and Verschuren 
2019). Smaller lakes where the fetch across which the 
wind can blow and mix the water is small compared 
to the maximum water depth, can be meromictic as 
well. However, according to Schmid’s lake stability 
formula, deep but small lakes show only weak stratifi-
cation (Hutchinson 1957). Irrespective of the size and 
maximum depth of a lake, stable stratification and 
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resulting meromixis has profound implications on the 
biogeochemistry of these lakes (Katsev et al. 2017).

Lacustrine sediments are often used for paleocli-
mate reconstructions, where long sediment cores are 
retrieved to obtain archives of past environmental 
conditions (Last and Smol 2001). However, as cor-
ing is logistically challenging and expensive, nor-
mally only very few sites that promise the longest and 
least disturbed sedimentary sequence are being cored. 
Especially for deep drilling projects the characteriza-
tion of spatial heterogeneity has become an important 
aspect. In recent years several studies showed the 
importance of riverine input on lacustrine sediment 
and the spatial variability of sediment distribution 
within a single basin in several tropical and temperate 
lakes, e.g. Lake Turkana (Yuretich 1979), Lake Ohrid 
(Vogel et al. 2010), Lake Donggi Cona (Dietze et al. 
2012), Lake El’gygytgyn (Wennrich et  al. 2013), 
Laguna Medina (van ’t Hoff et  al. 2016), or Lake 
Towuti (Hasberg et  al. 2019; Morlock et  al. 2019). 
Many of them showed that lateral heterogeneity can 
severely complicate reconstructions of paleoenviron-
mental conditions based on long sediment cores. In 
Lake Sentani Nomosatryo et  al. (2021) sampled the 
water column and took sediment cores in the deep-
est part of each sub-basin. Their results showed that 
climatic and hydrological changes are recorded in 
sedimentary sequence. However, as this study only 
used one sampling location per basin, a differentia-
tion between lateral variability and temporal climatic 
or hydrological changes was not possible.

In order to contribute to a better general under-
standing of the relationship between catchment geol-
ogy and lacustrine sediment composition we studied 
the spatial distribution of sediment types in Lake 
Sentani in Papua Province, Indonesia (2° S, 140° E). 
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 channel 
(Fig.  1a) (Sadi 2014; Indrayani et  al. 2015a). The 
catchment geology is highly diverse, ranging from 
carbonates over clastic sediments to igneous and met-
amorphic rocks, some with ultramafic composition 
(Suwarna and Noya 1995). The northern side of the 
lake is bounded by the Cyclops Mountains, the south-
ern side has a relatively flat topography (Fig. 1b).

While the four basins share a common surface 
water chemistry, the basins differ in water column 
structure and bottom water chemistry. Moreover, each 

sub-basin receives a distinct sediment input (Sadi 
2014). Thus, this lake offers the chance to study the 
effects of different catchment lithologies and water 
column processes on lacustrine surface sediment 
under otherwise identical environmental condi-
tions. Although the population around Lake Sentani 
is growing, and the lake faces increasing anthropo-
genic nutrient input (Kementerian Lingkungan Hidup 
Republik Indonesia 2011; Indrayani et al. 2015b), the 
area still has a relatively low level of urbanization 
despite its proximity to Jayapura, the capital of the 
province.

Study site

Lake Sentani is located near the capital city of 
Papua Province, Jayapura, at an elevation of 73  m 
asl (Fig. 1b). The lake is approximately 28 km long 
(East to West), 19  km wide (North to South), has a 
total surface area of 96.3  km2 (Kementrian Lingkun-
gan Hidup Republik Indonesia 2011) and a storage 
capacity of 4821.5 ×  106  m3 (Sartimbul et  al. 2015). 
Lake Sentani consists of four sub-basins of which 
one is connected by a shallow natural channel (Sim-
boro Channel), the other three are separated by shal-
low sills with a maximum depth of just 6 m (Fig. 1b). 
There are considerable differences in the maximum 
water depths of the four sub-basins, literature values 
range from 30 m (Sadi 2014) to 70 m (Indrayani et al. 
2015a). Our own depth soundings at every sampling 
location revealed maximum depths of 42, 12, 30 and 
43 m, for sub-basins 1 to 4, respectively. In a recent 
study, Nomosatryo et  al. (2021) presented physico-
chemical properties of the water column, measured at 
or close to the deepest parts of each basin. In short, 
the upper 10 m of the water column in all four basins 
is well mixed, below this depth dissolved oxygen 
(DO) decreases more or less rapidly and becomes 
fully depleted in sub-basins 1 and 4, in sub-basin 3 
DO just reaches depletion at the sediment–water 
interface, and shallow sub-basin 2 remains fully oxy-
genated. Surface water temperatures in all four sub-
basins are between 31 and 32  °C, bottom tempera-
tures are around 29° C except for sub-basin 2, where 
temperatures remain above 30 °C (Fig. 2).

The lake has a catchment area of about 600  km2 
and is bounded by the Cyclops Mountains to the north 
(Tappin 2007) and lowlands to the south. The highest 
peak of the Cyclops Mountains is Merahriboh, reaching 
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an elevation of 3200  m asl (Husein et  al. 2018). The 
north side of the lake is dominated by volcanic breccia, 
mafic, ultramafic rocks and alluvial deposits, whereas 
the southern part of the lake is mainly characterized 
by a wide range of mainly sedimentary rocks com-
prised of various types of carbonates, siliciclastic sedi-
ments with some basaltic areas (Fig. 1b) (Suwarna and 
Noya 1995). At least sixteen rivers drain into the lake 
(Bungkang et  al. 2014; Handoko et  al. 2014). Yahim, 
the lake’s largest sub-catchment is located on its north-
ern side and covers almost 38% of the total catchment 
(Table 1). Twelve rivers come from the Cyclops Moun-
tains in the north and four rivers originate from the 
lowlands in the south (Fig. 1). The Doyo River in the 
Yahim sub-catchment is the biggest single source of 
water to the lake with an average discharge of 19  m3  s−1 
(Table 1, Handoko et al. 2014). With the exception of 
the Warno River (discharge rate 5.5  m3   s−1), which 
drains the Kuruwaka catchment immediately east of the 
Yahim catchment, all other rivers have discharge rates 
of < 1  m3  s−1. The Jayafuri (Jayefuri) River, located in 
the southeastern tip of the easternmost basin, is the only 
outlet (Handoko et  al. 2014; Kementerian Lingkun-
gan Hidup Republik Indonesia 2011). Discharge rate 
of the outflow at Jayafuri river is 15  m3  s−1 (Handoko 
et al. 2014). The retention time of water in the lake is 
510 days (Sadi 2014). Many catchment areas and rivers 
are known under different names (Table 1), but we will 
refer to the names of the sub-catchments (Fig. 1a, Sar-
timbul et al. 2015).

The average annual precipitation at Lake Sentani 
is 1691  mm   year−1 (Sartimbul et  al. 2015). High-
est precipitation occurs in March with an average of 
206  mm   month−1; July has the lowest precipitation 
with 95  mm   month−1. Air temperature around Lake 
Sentani ranges between 23.6 and 32.2  °C, the water 
temperature ranges between 29.3 and 30.4  °C (Sadi 
2014).

Most of the catchment of Lake Sentani is domi-
nated by natural vegetation (forests, grasslands) and 
agricultural areas with mainly sago plants (Kemen-
terian Lingkungan Hidup Republik Indonesia 2011). 
Due to the mostly dense plant cover and the high 
precipitation, aeolian transport of sediment is neg-
ligible and we assume the sediments in and around 
the lake to be mostly fluvial or lacustrine, as in many 
tropical settings (Stallard 1998), however we cannot 
fully exclude other processes like mass wasting or 

slumping, potentially triggered by the frequent earth-
quakes in the area (Mantiri 2016).

Materials and methods

Sediment sampling

We collected surface sediment samples from 32 
stations in the lake from water depths between 4 
and 43  m, 8 samples from river mouths from water 
depths less than 4  m and 9 samples from rivers 
(Fig.  1a, ESM1). Sampling positions were deter-
mined by hand-held Global Position system (Garmin 
eTrex 10) and water depths determined by an echo-
sounder (Garmin 42DV). Sampling was conducted 
using a short gravity corer, retrieving cores of up to 
20  cm length, diameter 7  cm. Great care was taken 
to retrieve cores with an undisturbed sediment–water 
interface (SWI). Material was sampled from the 
upper 5  cm and each sediment sample was packed 
into a gas-tight aluminium foil bag and heat sealed. 
Due to the unavailability of nitrogen gas we tried to 
squeeze out as much air as possible, but some oxida-
tion during storage and transport cannot be ruled out. 
Upon arrival in the home lab the sediment samples 
were freeze-dried and ground to completely pass a 
63 µm-mesh sieve before analysis.

X-Ray Fluorescence (XRF) scanning and data 
analysis

About 4  g of freeze-dried sediment powder was 
loosely packed in sampling cups (ca 2  cm high, Ø 
2 cm) and covered with a XRF transparent foil. Anal-
ysis of elemental sediment compositions was per-
formed on these samples using an ITRAX XRF core 
scanner with a Cr X-ray source (operated at 30kv, 
55 mA, 10 s).

XRF scanning analysis does not provide quantita-
tive results but element intensities in counts per sec-
ond. Relative element concentrations are provided 
by log-ratios of element intensities, which are free 
of physical and matrix effects (Weltje and Tjallingii 
2008; Weltje et  al. 2015). In addition, log-ratio-
transformed intensities allow meaningful applica-
tion of multivariate statistical analysis to charac-
terize sediment compositions (Weltje et  al. 2015). 
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Normalized relative concentrations are expressed by 
standardizing (Z-score) the log-transformed data.

TOC analysis

The concentration of TOC was determined by 
combusting between 15 and 100  mg of samples 
at 580  °C in a Vario Max C analyzer (Elemen-
tar Analysensysteme GmbH). The limit of detec-
tion was 0.1 wt%. To allow comparison of these 

quantitative data with the semiquantitative XRF 
data, the TOC data were also transformed and 
standardized.

Pyrite quantification

For quantification of pyrite  (FeS2) and other sulfide 
minerals like FeS or MnS we performed a sequential 
cold chromium extraction (Kallmeyer et al. 2004). In 
short, 0.5–1 g of freeze-dried and finely ground sedi-
ment is placed in a distillation flask that is constantly 

Fig. 2  Water column pro-
files of density, temperature, 
dissolved oxygen (DO), oxi-
dation–reduction potential 
(ORP), and pH of the four 
sampling locations in Lake 
Sentani (Fig. 1b). Measure-
ments were taken in April 
(black) and November 
(green) 2016 and January 
2018 (red). The profiles 
show a clear thermal strati-
fication 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 measure-
ment. Diagonal line pattern 
indicates the fluctuations of 
epilimnion boundary. Nega-
tive ORP values character-
ize the monimolimnion 
(yellow shading) with 
reducing conditions
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flushed with nitrogen gas. Upon addition of 8 mL of 
6  N HCl and constant stirring the acid volatile sul-
fur (AVS), mainly FeS and other monosulfides are 
dissolved and the liberated  H2S is transported by the 
flow of nitrogen into a trap filled with 7 ml of 5 wt% 
zinc acetate solution (ZnAc) where the  H2S precipi-
tates as ZnS. After two hours the extraction is com-
plete, the ZnAc trap is replaced by a fresh one and 
16  ml of 1  M  CrCl2 solution is added to the flask 
through a valve to maintain strictly anoxic conditions 
in the distillation flask. The chromous chloride acts 
as a strong reductant and will promote breakdown of 
more crystalline reduced sulfur species like disulfides 
(Canfield et  al. 1986; Luther 1987), of which pyrite 
is quantitatively most important. The  H2S that is lib-
erated from the chromium reducible sulfur (CRS) is 
then also transported to the trap and precipitated as 
ZnS. The precipitates are centrifuged and the ZnAc-
containing supernatant discarded as it interferes with 
downstream analyses. The ZnS pellet is resuspended 
in deionized water and sulfide is quantified photomet-
rically using the methylene blue method (Cline 1969). 
Data are presented as the percentage of total reduced 
inorganic sulfur (TRIS) on total dry sediment, and the 
fraction of AVS on TRIS.

Smear slide analysis

Smear-slide analyses were conducted on 24 selected 
samples, covering all four sub-basins and all sedi-
mentary environments. A small amount of sediment 
(1–2  mm3) was picked from bulk wet sediment and 
dispersed in two drops of deionized water by swirling 
on a microscope slide to get a good particle separa-
tion and even distribution on the slide. The suspen-
sion was spread thinly to reach a just barely visible 
layer of sediment. The slide was dried on a hot plate 
at ~  60o C. Once dry, the slide was covered by a cover 
slip mounted with two drops of low viscosity UV-
glue (Ber-Fix 50–100,  Ber-Fix Klebstoffprodukte 
Berlin, Germany). The glue was cured by exposing 
the slide to sunlight at room temperature until dry.

The 24 selected smear slides were studied for com-
positional characterization under a transmitted light 
microscope (Olympus BX 51). All components were 
characterized and their relative abundance visually 
estimated, with special emphasis on carbonate and 
mafic minerals, biogenic (diatoms and sponge spic-
ules) and detrital silica content.

Table 1  Names and main 
characteristics of the rivers 
in Lake Sentani’s catchment

n/a no data available

Bungkang et al. (2014), Fauzi et al. (2014) Handoko et al. (2014)

Sub catchments Area  (km2) Length of the river 
(m)

Slope (s) Name of rivers Discharge 
rate  (m3 
 s−1)

1 17 5010 0.0581 Dogefu/Kanda 0.24
2 25 6281 0.0718 n/a
3 29 6822 0.0475 n/a
4 64 14,099 0.053 Benali 0.14
Yahim 236 33,670 0.0424 Doyo

Kemiri
19
0.36

Kuruwaka 23 12,165 0.1277 Belo 0.62
Warno 5.47

Netar 25 12,243 0.1034 Flavouw 0.36
Yakembeng 33 13,061 0.0715 Yabawi 0.84
Harapan 19 9070 0.1072 Telaga maya 0.09
Expo 35 14,877 0.0664 Espo 0.23
Tiaga Ria 24 7769 0.0667 n/a
Hendo 40 5815 0.0253 n/a
Belo 24 6733 0.0148 Jembatan 2 0.55
Waisyake 25 10,598 0.0139 n/a
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Grain-size analysis

Prior to analysis, organic matter was removed by add-
ing 2.5 ml of 10 vol%  H2O2 to bulk dry sediment ali-
quots of 0.5–0.7  g, followed by shaking for at least 
one week. If the reaction was still incomplete after 
one week, the treatment was repeated. Most samples 
were organic-free after one treatment, some organic-
rich samples required a second round. The sediment 
residue was rinsed three times with 2.5 ml of de-ion-
ized water followed by centrifugation and decantation 
of the supernatant. The sediment residue was then 
resuspended in 2.5 ml dispersion solution (35.7 g  L−1 
tetra-sodium diphosphate decahydrate,  Na4P2O7 ·10 
 H2O) and placed in an overhead shaker for 24  h at 
25 rpm. After complete dispersion, the entire volume 
of suspended sediment was measured with a Horiba 
LA-950 laser diffraction particle size distribution ana-
lyzer, providing 92 grain-size classes between 0.011 
and 2500  μm. Each sample was measured 10 times 
with ultrasonic excitation.

Results

Sediment composition

Chemical analyses

The relative distribution maps were produced with 
the QGIS 2.18.11 free software, using the IDW spa-
tial interpolation method. Relative distributions of 
TOC and 8 major elements (Al, Si, S, K, Ca, Ti, Mn, 
Fe) in Lake Sentani as well as its main tributary riv-
ers reveal compositional differences within the lake 
sediment and its main sediment contributors (Fig. 3). 
Highest TOC concentrations of up to 27.9%dwt (per-
cent dry weight) are found in Simboro Channel 
between sub-basins 1 and 2 and at the lake’s only out-
let at the southern end of sub-basin 4. Generally, TOC 
concentrations are slightly higher in the southern 
parts of sub-basins 2 to 4. River samples have much 
lower TOC concentrations (average around 1.5%dwt) 

Fig. 3  Relative distribu-
tion of major elements in 
the surface sediment of 
Lake Sentani and its rivers. 
Sampling sites in rivers 
are marked by blue circles. 
Graduated colors indicate 
relative element distribu-
tion (Z-score, see text for 
details). The same scale 
was used for river and lake 
samples



9J Paleolimnol (2023) 69:1–20 

1 3
Vol.: (0123456789)

compared to lake sediment samples (average around 
11.5%dwt).

Although relative concentrations differ, the distri-
bution patterns of Al, Ti and K, all commonly associ-
ated with detrital minerals and known to be enriched 
in tropical soils, are generally similar (Fig. 3). Rela-
tive concentrations are highest in westernmost sub-
basin 1 and decrease towards the east. River samples 
also reveal relatively high concentrations of the three 
elements with the exception of the Dogefu sub-catch-
ment area at the north-western side of sub-basin 1, 
which shows low K and high Ti values. This pattern 
is surprising, given that the lake sediments of sub-
basin 1 reveal an opposite pattern for these two ele-
ments (Fig. 3).

The distribution patterns of Mn and Fe are broadly 
similar with highest relative concentrations in the 
deep eastern sub-basin 4 and lower values in the three 
western sub-basins. However, there are subtle differ-
ences in the distribution pattern of these two elements 
within sub-basins 1 and 4. Throughout sub-basin 1 
Fe shows low relative concentrations, whereas in the 
northeastern arm there is a strong enrichment in Mn. 
Iron values are high in the northern part of sub-basin 
4, where the Tiaga Ria and Harapan sub-catchments 
drain into Lake Sentani. Sediment from the rivers 
draining these two catchments also reveal high rela-
tive Fe concentrations. Manganese concentrations 
rather follow bathymetry, with highest relative con-
centrations at the deepest part of sub-basin 4.

The distribution patterns of Si and S show that rel-
ative concentrations are evenly distributed through-
out the lake (Fig. 3) whereas in river samples relative 
concentrations are much higher for Si and lower for 
S. Relative concentrations of Ca are highest in central 
sub-basin 2, where runoff from the sub-catchments 
Hendo and Waisyake enter the lake, both dominated 
by limestone of the Jayapura Formation, intercalated 
silt- & claystone and shale of the Makat Formation, 
and alluvial deposits. However, river samples reveal 
high relative Ca distribution in the Dogefu and Kuru-
waka sub-catchments as well (Figs.  1a, 3) but the 
lake samples closest to these rivers are apparently not 
affected. Silica shows a relatively even distribution 
with only minor positive or negative relative distribu-
tion peaks (Fig.  3), however, the smear slide analy-
ses show that the sources of silica vary considerably 
(Fig. 4a).

Smear slide analyses

Smear slide analyses reveal the presence of diatoms 
and sponge spicules in almost all samples, together 
with detrital quartz grains (Fig.  4a). Other siliceous 
compounds like phytoliths are only found in some 
lake samples but never play a quantitatively signifi-
cant role. Biogenic compounds are much more abun-
dant in the two deepest sub-basins 1 and 4 and in the 
deeper parts of sub-basin 3, whereas detrital silica 
dominates the shallow sub-basins 2, the southern part 
of sub-basin 3, as well as the river samples. The only 
notable exception is the single sample in the Simboro 
channel that has the highest relative abundance of 
spicules of all samples, and only about 50% detrital 
silica (Fig. 4a, ESM1).

The smear slide analyses also confirm the domi-
nance of the mafic and ultramafic geology on the 
sediment composition of the lake (Fig.  4b). With 
the exception of the single sample at Simboro chan-
nel where mafics were rare, they were present in 
all other samples. Highest abundances were found 
in samples from rivers and river mouths, mostly at 
the northern end of sub-basins 2 and 4, an area that 
is predominantly characterized by mafic and ultra-
mafic catchment geology. In samples from sub-basin 
1 mafic minerals are present but less abundant than 
in the other sub-basins. The distribution of carbon-
ates reveals the close relationship between catchment 
geology and sediment composition (Fig. 4c). Samples 
closest to the limestone-dominated catchment located 
south west of the lake contain carbonates, whereas 
they were absent in all other samples. A notable 
exception is the presence of carbonate in a sample 
from the northeastern arm of sub-basin 1, which is 
entirely surrounded by mafic rocks.

Pyrite quantification

Pyrite and other reduced inorganic sulfur components 
could be detected in all samples with maximum con-
centrations of 5.4% dwt (percent dry weight), although 
some had TRIS (Total Reduced Inorganic Sulfur) 
concentrations as low as 0.01%dwt (Fig. 5a). Overall, 
chromium reducible sulfur (CRS) is the quantita-
tively dominant reduced inorganic sulfur species. As 
pyrite is the only CRS species detectable by X-Ray 
Diffraction in these samples (Fig. 5b), we assume that 
pyrite is in fact the dominant reduced inorganic sulfur 
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species. Acid Volatile Sulfur (AVS, mostly mono-
sulfides) accounts for less than 1% of TRIS in most 
samples. Concentrations of AVS exceeding 10% TRIS 
were found only in samples from rivers that drain the 
ultramafic catchment north of the lake as well as in 
samples from the corresponding river mouths.

Grain size distribution

There are clear geographic differences in the dis-
tribution of the different grain size classes (Fig. 6). 
Clay (1–4 µm particle size) accounts for up to 34% 
of the sediment in the southern parts of sub-basins 
1 and 2 and the connecting Simboro channel. In the 
northern parts of these two sub-basins and else-
where concentrations are much lower and usually 
below 10%. River samples show even lower clay 
contents in the low single-digit percent range. Silt 
(4–63 µm particle size) makes up the bulk of Lake 

Sentani’s sediment, accounting for up to 86% and 
shows an almost opposite distribution pattern to 
clay. Silt concentrations are lower in the southern 
parts of sub-basins 1 and 2 and the Simboro Chan-
nel, but with lowest concentrations still exceed-
ing 35%. Silt content in river sediment varies over 
almost the entire concentration range with no vis-
ible pattern. Sand only makes up a comparatively 
small fraction of the lake sediment, concentrations 
are usually below 10%, higher values are only found 
around river mouths. Two samples from rivers 
draining the Yahim and Kuruwaka sub-catchments 
show high sand content of up to 52%.

Multivariate analysis of the chemical composition 
of the sediment

Statistical clustering allows identification of sediment 
samples with similar geochemical compositions. Here 
we use Ward’s hierarchical clustering after z-scoring 

Fig. 4  Results of Si-
speciation and proportions 
of mafic and carbonate rock 
fragments obtained from 
smear-slide analysis

A

B C
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of the clr-transformed data of the major elements 
obtained by XRF scanning and TOC. Ward’s hierar-
chical clustering of the geochemical composition was 
analyzed by using PAST3 (Hammer et al. 2001) and 
principal component analyses (PCA) was carried out 
with prcomp in the R statistical package ‘composi-
tion’. A three-cluster-solution with an Euclidian link-
ing distance of > 2.5 was chosen as it explains the 

largest differences in the dataset for the minimal num-
ber of clusters (ESM2).

Element correlations of each cluster are explored 
using PCA biplots of PC 1 and 2 (Fig.  7a) that 
explain about 70% of the variance for all three clus-
ters (C1 = 68.9%; C2 = 71.6%; C2 = 71.9%;). The 
clusters mainly comprise river and river mouth sam-
ples (cluster C1), lake samples from mostly shallow 
and near-shore (proximal) locations (C2), and deeper 

A B

Fig. 5  Distribution of total reduced inorganic sulfur in Lake 
Sentani. Pie diagrams indicate in red the fraction of AVS (acid 
volatile sulfur, i.e. monosulfides) and in green CRS (chromium 
reducible sulfur, i.e. pyrite) among the Total Reduced Inor-
ganic Sulfur (TRIS) pool at each sampling site. Total TRIS 

concentration is provided by graduated colors. B X-Ray Dif-
fractograms of representative samples from each sub-basin. 
Pyrite is the only identifiable mineral that contains reduced 
sulfur

Fig. 6  Grain size distribution of Lake Sentani’s surface sediment. For river samples the values are presented in circles
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or more distal lake locations (C3). The river cluster 
(C1) shows a clear separation between Ca and most 
of the detrital elements (Fig. 7a) associated with the 
southern limestones and northern mafic catchment 
geologies, respectively. Although TOC concentra-
tions are only low in river samples, TOC and S are 
orientated in the same direction along PC1, indicating 
the positive correlation. However, the positive corre-
lation between redox sensitive elements (Mn, Fe) and 
the inert element Ti, as indicated by the same direc-
tion along PC2 (Fig.  7a), suggests that degradation 
of organic matter and redox alteration of these sedi-
ments is neglectable.

Redox conditions seem to intensify for samples 
of the shallow/proximal lake cluster C2, as show a 

positive correlation between TOC and the elements 
S, Mn and to a lesser extend Fe that all point in the 
same direction with respect to PC1. The deeper/distal 
lake samples of cluster C3 reveal a similar orientation 
of both elements Mn and Fe along PC1, suggesting 
that reduced conditions prevail in these sediments 
(Fig. 7a). Data distribution of cluster C3 reveals that 
the strongest redox conditions occur in the deep-
est part of the lake. The distribution of Ca (Fig. 3) is 
similar to the carbonate rock fragments (Fig. 4c) but 
deviates from the detrital elements Ti and K (Fig. 3), 
which is also apparent by the different directions/
correlation of these elements (Fig.  7a). The similar 
direction of the detrital elements Ti, K and Al indi-
cates positive correlation of these elements in clusters 

A

B

Fig. 7  Multivariate analyses including clustering of the rela-
tive elemental concentrations of the bulk sediment. A Ward’s 
hierarchical clustering of relative elemental concentrations 
results in three main clusters with distinctly different correla-

tions. B Distribution of samples of the three different clusters, 
colors indicate their respective PC1 factor score. The inset 
shows the depth distribution of the samples of each cluster
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C2 and C3 and association with sediments receiv-
ing input from catchments composed of siliciclas-
tic rocks. In addition, river samples of C1 and lake 
samples of C2 and C3 reveal a different correlation 
between Si and detrital element Ti, K and Al, which 
is due to the abundance of diatoms and spicules in 
lake sediments (Fig. 4).

Most samples of cluster C2 are located above the 
oxycline and a few samples of sub-basin 3 are located 
around or just below, which is probably related to the 
less pronounced oxycline and stratification of this 
sub-basin (Fig. 2). The wide depth range of C3 shows 
that this cluster is more representative for lake sedi-
ments in general, ranging from oxic to anoxic. Within 
C1, highest PC1 factor scores are found in rivers in 
the north (Fig.  7b), lowest values in the south. For 
the PC1 values of C2 there is no apparent geographic 
distribution pattern or visible correlation with water 
depth. Cluster C3 encompasses lake samples from 
shallow to maximum depth, with most of the deep 
lake sediment samples located below the oxycline. 
The PC1 values decrease with water depth and indi-
cate stronger reducing conditions with increasing the 
water depth.

Discussion

Distinct geochemical differences between rivers and 
lake sediments are found using statistical cluster-
ing that can identify samples with similar elemen-
tal compositions and provides a more detailed look 
into the different geochemical characteristics of the 
sediment (Fig. 7, ESM2). The three clusters reveal a 
clear compositional differentiation between river and 
river mouth samples (cluster C1), lake samples from 
mostly shallow and near-shore (proximal) locations 
(C2), and deeper and more distal lake locations (C3).

Rivers and river mouths represented by cluster 
C1 reveal a clear separation between Ca and most 
other elements that matches finding of carbonate 
rock fragments (Fig.  4c) and the special element 
distributions (Fig. 3). These distributions are asso-
ciated with the contributions of different catchment 
geologies (Fig.  1). Moreover, the negative cor-
relation between Ca and the elements Ti, Mn and 
Fe in cluster C1 (Fig.  7a) can be associated to the 
limestone catchment located south of the basin and 
the iron- and manganese-rich mafic and ultramafic 

rocks in the Cycloop mountains in the north 
(Fig.  1a). The influence of diagenetic transforma-
tions (Raiswell and Canfield 2012) in the sediments 
of C1 is highly unlikely due to the low amounts of 
TOC (Fig. 3) and the positive correlation of Mn and 
Fe with the inert element Ti (Fig. 7a). However, dia-
genetic transformation of Mn and Fe due to changes 
in redox chemistry does influence the sediments of 
clusters C2 and C3, which is probably caused by 
anaerobic organic matter degradation processes in 
the anoxic sediment, even under conditions with 
oxygenated bottom waters. Under oxygen-limited or 
anoxic conditions anaerobic reduction process can 
take place not just in the sediment but also in the 
water column and at the sediment–water interface 
and no re-oxidation of reduced species through dif-
fusion of oxygen from the water column or burial of 
oxidized minerals into the sediment can take place.

Multiple processes influence distribution patterns 
of individual elements and organic carbon (TOC). 
The TOC concentrations of Lake Sentani sediment 
are highly variable (3–22% dwt) and range from val-
ues typical for oligotrophic tropical lakes like Lake 
Towuti (2–3.5%) to eutrophic ones like Lake Manin-
jau (~ 22%) (Henny and Nomosatryo 2012; Vuillemin 
et  al. 2016). Despite this high variability, organic 
matter concentrations are sufficiently high to fuel 
abundant microbial respiration and therefore diage-
netic processes in all samples.

Calcium-bearing sediments are delivered to the 
lake from limestone in the catchment areas located 
to the southwest of the lake, bordering sub-basins 
1 and 2. Production of biogenic Ca-containing min-
erals by calcareous plankton does not seem to play 
a major role as carbonates are only found in five 
smear slide samples (Fig.  4c). The distribution of 
Ca in the sediment (Fig. 3) correlates well with the 
smear slide data (Fig.  4c) and catchment lithology 
(Fig.  1b). The strong influence of catchment geol-
ogy on Ca distribution is also corroborated by the 
distribution map of the Ca/Ti ratio (Fig. 8) showing 
highest values in sub-basin 2 around the Hendo sub-
catchment, which is mainly composed of carbonate 
rocks. Slightly higher amounts of Ca and Ti in the 
northwestern corner of sub-basin 1 (Fig.  3) seems 
to originate from the basalts that make up most of 
the Dogefu catchment (Fig. 1a).

River samples have relatively high amounts of 
Si (Fig. 3), whereas lake samples show some minor 
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variations in Si but no distinct distribution pat-
tern. The Si/Ti ratio (Fig.  8) does show a strong 
enrichment towards the deepest part of sub-basin 
4 (Fig.  8), which broadly correlates with a higher 
percentage of diatoms among the siliceous sediment 
constituents. However, in sub-basin 1 the silica frac-
tion is also dominated by diatoms (Fig. 4), but the 
Si/Ti element ratio shows the opposite pattern of 
sub-basin 4. The very low Si/Ti ratios in sub-basin 
1 are most probably caused by higher amounts of Ti 
in these sediments, which are higher than anywhere 
else in the lake.

Generally, the distribution of Si/Ti (Fig. 8) matches 
the distribution of diatoms in lake Sentani (Fig. 4a). 
Near-shore samples contain up to ~ 60% detrital Si, 
it appears that the input of Si-bearing minerals from 
rivers is equal to or even dwarfed by higher biogenic 
Si concentrations in the deeper basins. Although no 
data are available on the hydrodynamics in Lake Sen-
tani, we speculate that sediment focusing can increase 
diatom frustule concentrations in the deepest parts of 
sub-basin 4, and perhaps 1 as well.

The delivery of Ca, which is almost exclusively 
derived from the catchment, the rivers do not seem 
to have much influence on sediment composition, 
matches the occurrence of carbonate rock fragments. 

There is also no increase in the percentage of sand at 
the river mouths, despite all river samples having a 
higher sand content (Fig. 6).

Particularly in lake sediments with ultramafic 
catchment geology, iron concentrations are gener-
ally high and play an important role in biogeochemi-
cal processes (Costa et al. 2015; Morlock et al. 2019; 
Sheppard et al. 2019). An interesting observation are 
the elevated concentrations of monosufide minerals 
(AVS fraction) in samples from rivers that drain ultra-
mafic catchment areas (Fig. 5a). In all other samples 
from both rivers and the lake itself, AVS was present 
only in trace amounts and the CRS fraction, contain-
ing mostly pyrite, dominates the reduced inorganic 
sulfur species. With the exception of sub-basin 1, 
overall pyrite distribution showed a weak correlation 
with water depth. This follows the general observa-
tion that microbial sulfate reduction, the main pro-
ducer of hydrogen sulfide, only occurs under reducing 
conditions (Widdel 1988) and therefore preferentially 
below the oxycline. However, oxygen penetration into 
the sediment is expected to be in the range of only a 
few mm, allowing for sulfate reduction throughout the 
lake’s sediment. Depending on the availability of suit-
able metal ions, the produced hydrogen sulfide pre-
cipitates as metal sulfides. Given that iron is the most 

Fig. 8  Distribution of 
selected element ratios of 
sediment from river mouth 
and lake samples
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abundant metal ion in most sedimentary systems, 
pyrite is the most likely end product (Berner 1984), 
which is also the case in Lake Sentani, as pyrite is 
the only reduced sulfur species detected by XRD 
(Fig.  5b). Sulfate concentrations in Lake Sentani 
are around 2 mg  L−1 (data not shown), which is less 
than one thousandth as concentrated as in seawater. 
But even in freshwater lakes with lower sulfate con-
centrations, e.g. ferruginous lakes like Lake Matano 
or Towuti (Crowe et al. 2014; Vuillemin et al. 2016), 
production of hydrogen sulfide and therefore pyritiza-
tion takes place, albeit on a very low level (Vuillemin 
et al. 2016; Friese et al. 2021). The distribution maps 
of TOC, Fe and S (Fig. 3) do not show a uniform pat-
tern and in the PCA of the three clusters the vectors 
for these three elements show a different orientation 
in each cluster (Fig.  7a). The sample from the Sim-
boro channel reveals highest sedimentary pyrite con-
centrations (Fig.  5a) as well as elevated concentra-
tions of TOC and S, (Fig. 3) which we interpret as a 
strong indication for elevated rates of sulfate reduc-
tion in this area. However, the low concentration of 
sulfate in the lake water limits the overall rate of sul-
fate reduction, which severely reduces the quantita-
tive importance of sulfide minerals as a sink for iron 
and manganese.

Geochemical characteristics of each basin

Due to the lake’s peculiar shape and the highly 
diverse catchment, it is necessary to not simply con-
sider the overall characteristics of the sediments but 
also on the level of the individual sub-basins. The 
daily strong winds keep the epilimnion well mixed 
and the basins share a common surface water chem-
istry (data not shown), but due to the highly diverse 
catchment geology each sub-basin receives a different 
sedimentary input. Given the steep slopes of the deep 
basins we argue that the water columns of at least 
sub-basins 1 and 4 remain well stratified throughout 
the year with little chances of complete overturn, 
although it cannot be completely ruled out, given the 
lake’s relatively small size.

In westernmost sub-basin 1 there are two peninsu-
las with steep slopes on the north-eastern shore that 
reach far into the sub-basin (Fig.  1a). Mass wasting 
and direct runoff from the slope could be a possible 
supply mechanism for significant amounts of terres-
trial material to the lake (Trescases 1973; Hasberg 

et al. 2019), and in this case almost to the center of 
the basin. Input through rivers seems to be small and 
only seasonal in this sub-basin (Table  1). However, 
given the relatively high clay content in the southern 
part of the sub-basin and the dominance of silt in the 
north, particularly around the two peninsulas, plus 
very low sand content throughout sub-basin 1, and 
the very dense vegetation cover that provides effec-
tive protection against erosion, mass wasting also 
does not seem to be quantitatively important, but can-
not be ruled out. Moreover, the two peninsulas have 
a mafic bedrock geology, but the sediments around 
them do not show elevated amounts of Fe, which also 
argues against a significant sediment input from the 
peninsulas. Instead, the sediment composition with 
higher amounts of Al, K, and Ti could rather be the 
result of the deposition of clays and silt that originate 
from chemical weathering of limestone and argil-
laceous sedimentary rocks from the southern part of 
catchment.

Due its significant water depth of 42 m, sub-basin 1 
has a geochemical signature similar to the other deep 
sub-basin 4, despite all sites being relatively close to 
land. The rivers that drain into this sub-basin have 
relatively small discharge rates (Table  1) and some 
might only have water during rainy season (Handoko 
et al. 2014). The steep morphology in the north of the 
sub-basin suggests that eroded material could easily 
be mobilized and transported quickly by rivers, mass 
wasting or direct runoff from the slope. However, our 
data show that this is in fact not the case, as the sedi-
ments in sub-basin 1 has a more siliciclastic signature 
whereas the catchment in the north has a mafic com-
position. Literature data about the rivers are sparse 
and do not cover all rivers, access to the area is diffi-
cult and we were not able to sample all rivers draining 
into this basin, so there might be a slight mismatch 
between river input and sediment chemistry in our 
study.

The long and shallow Simboro channel between 
sub-basins 1 and 2 is a very efficient sediment trap 
that effectively isolates sub-basin 1 from the rest of 
the lake. The channel has a depth of about 4 m and is 
suspected to become even shallower in the future due 
to sediment deposition caused by the abundant water 
plants that act as efficient sediment traps (Kemente-
rian Lingkungan Hidup Republik Indonesia 2011). 
A peculiar phenomenon is the strong enrichment of 
TOC and S in the middle of the channel (Fig. 3). The 
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high TOC concentration in the channel is most prob-
ably caused by an accumulation of decaying aquatic 
plants and the elevated S concentrations indicate 
enhanced sulfate reduction fueled by organic mat-
ter degradation, which is further corroborated by the 
high pyrite concentrations (Fig. 5).

The relatively flat topography around sub-basin 
2 continues inside the lake. Sub-basin 2 is the shal-
lowest of the four basins with a maximum depth of 
about 12 m. It is the only sub-basin with a fully oxy-
genated water column and hence, aerobic processes 
at the sediment–water interface. We did not meas-
ure how far oxygen penetrates into the sediment but 
based on our experiences from other oligotrophic 
lakes in Indonesia and literature data (Corzo et  al. 
2018), we assume that penetration depth is much less 
than 5  mm. Still, even with such a thin oxygenated 
surface layer, a significant part of the sedimentary 
organic matter will be degraded aerobically because 
aerobic degradation is much faster (Kristensen et al. 
1995), decreasing the overall concentration of organic 
matter in deeper anoxic layers and increasing the 
fraction of more recalcitrant material (Westrich and 
Berner 1984). The diverse lithology of the different 
catchments is partially reflected in the element com-
position (Fig.  3) and the clustering results (Fig.  7). 
Calcium shows a very strong enrichment along the 
southern end of the basin (Fig. 3) and so does the Ca/
Ti ratio (Fig. 8), reflecting the carbonate-rich geology 
of the catchment.

The geochemical characteristics of the sediment 
in sub-basin 3 lead to rather peculiar results of the 
clustering analysis. While samples from the deep 
lake cluster C3 are found in shallow water, the shal-
low lake cluster C2 occupies the deep center of the 
basin. This might be caused by the fact that oxygen 
concentrations in sub-basin 3 barely reach depletion 
at the SWI, providing the potential for repeated oxy-
genation-reduction cycles that can promote mineral 
precipitation. Those samples from sub-basin 3 that 
fall in cluster C2 show negative PC1 values (Fig. 7b), 
indicating a positive correlation with Fe and Mn and 
partially S. Those samples that fall into cluster C3 
have a positive PC1 score, revealing a positive corre-
lation with elements indicative of detrital input from 
siliciclastic rocks. Elemental distributions (Fig.  3) 
and element ratios (Fig. 8) do not show any particu-
lar enrichments in this basin, with the exception of 
a decreasing north–south gradient of the Fe/Ti ratio, 

most probably caused by the greater input of Fe from 
the Cycloops Mountains in the north.

Samples from sub-basin 4 fall almost entirely into 
Cluster C3, most probably due to greater water depth 
and the strong riverine input of Fe and Mn from the 
mafic and ultramafic catchment on the northern shore. 
There are 3 rivers with a total discharge of 0.9  m3  s−1 
draining into sub-basin 4, but only one river with 0.36 
 m3  s−1 into sub-basin 3 (Table 1). The Yabawi river, 
which drains the Yakembeng sub-catchment enters 
Lake Sentani close to the sill between the two basins 
so we cannot assign it to either basin. A peculiar fea-
ture of sub-basin 4 are the enrichments of Fe and Mn 
(Fig. 3), although in different locations for each ele-
ment. While highest amounts of Mn and Mn/Ti ratios 
are found in the deepest part of the sub-basin, Fe 
show a general decrease from north to south and no 
correlation with water depth. The Fe/Ti ratio (Fig. 8) 
however, reveals a distinct minimum at the deepest 
part of the sub-basin and a gradual increase towards 
the southern end of the sub-basin where the only out-
let is located. We interpret this pattern as a combina-
tion of different processes. A strong riverine input of 
Fe from the ultramafic catchments in the north of the 
lake leads to higher amounts of Fe and Fe/Ti ratios 
right along the river mouths of the northern shoreline 
and in near-shore locations in deeper water, given the 
very steep slope in this area. It is surprising that only 
Fe shows such a distribution pattern and not Mn, con-
sidering that ultramafic rocks also contain consider-
able amounts of Mn. Here it seems that Fe behaves 
more like a detrital element, whereas Mn shows the 
behavior of a redox-sensitive element. We can only 
speculate about the reasons, detailed mineralogical 
studies that are beyond the scope of this study might 
be able to shed light into this phenomenon.

The deepest part of sub-basin 4 has fully reducing 
conditions, yet it reveals high amounts of Mn as well as 
highest Mn/Ti ratios. Under such conditions Mn should 
be reduced and highly soluble. At first glance the mas-
sive enrichment of Mn in the deepest part of sub-basin 
4 suggests at least occasional complete overturning, as 
oxidation of the bottom water would lead to oxidation 
and precipitation of dissolved Mn. However, the lack 
of concomitant iron enrichments argues against over-
turning: Iron is also abundant in Lake Sentani and has 
similar redox behavior as Mn. It remains questionable 
whether the faster oxidation and dissolution kinetics of 
Fe in comparison to Mn (Martin 2005) could explain 
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the specific enrichment of Mn but not Fe in the deep-
est part of sub-basin 4. Unfortunately, our XRD results 
(Fig.  5b) do not reveal any Mn-rich mineral in sub-
basin 4, so we do not know in which mineral the Mn 
is bound.

Transport processes also do not seem to play a major 
role in sub-basin 4 as there are no obvious patterns in 
the distribution of the different size classes (Fig.  6). 
The PCA of Cluster C3 shows an almost perfect cor-
relation between location and PC1, the most negative 
PC1 values, strongly correlating with Mn, are found in 
the center of the basin, and steadily increase towards 
the south (Fig. 7b), indicating a correlation with mainly 
Al and Ti. This is not surprising, given the fact that 
both the eastern and western shores of this narrow 
sub-basin are bounded by clay- and siltstones and allu-
vial fan deposit (Fig. 1b). Although these rocks have a 
rather diverse geochemical signature, what they have 
in common is the different composition in comparison 
to ultramafic rocks in the north. Moreover, the narrow 
and shallow shape of the southern end of the sub-basin 
allows for complete mixing and resuspension of mate-
rial during storm events at least in this this part. Such 
events probably remove most small-scale differences 
between the different sediment sources.

The recent study of Nomosatryo et al. (2021) pre-
sents geochemical depth profiles of sediment cores 
from each sub-basin, showing clear compositional 
differences between sites and with depth, and each 
sub-basin shows distinctly different trends. The pre-
sent study focuses just on the sediment surface, 
albeit in higher spatial resolution. The geochemical 
data presented in both studies highlight the fact that 
studies addressing climate or hydrological variations 
based on lacustrine sediment records should use great 
care to distinguish between site-specific character-
istics, which can be influenced by a great variety of 
processes, and variations caused by regional changes 
in climate or hydrology.

Conclusions

The overall patterns in geochemical composition 
between the different sub-basins and within each indi-
vidual sub-basin are mainly caused by a combination 
of catchment geology and redox chemistry. Catch-
ment geology seems to be the most important factor, 
the most obvious examples are the relative enrichment 

of iron, manganese and mafic minerals in those parts 
of the lake that are bounded by ultramafic catchment, 
as well as the presence of carbonates only in areas 
with a connection to catchments that are dominated 
by either carbonate rocks or basalts. The effects of 
transport processes appear to be only minor. The lake 
itself has an almost bimodal distribution of clay and 
silt that does not correlate with any other parameter, 
and sand only makes up a minor proportion of the 
total sediment and is very evenly distributed across 
the lake, despite having much higher concentrations 
in the rivers. Although we do see a clear influence 
of catchment geology on lake sediment composition, 
the rivers do not seem to leave a major imprint on the 
lake, neither with regard to grain size distribution nor 
chemistry. Mass wasting or direct runoff does have an 
influence on sediment chemistry, one example is the 
change in sediment composition in the southern part 
of sub-basin 4, where the compositional change cor-
relates with the more siliciclastic catchment geology 
on both sides of this part of the sub-basin. However,

the fact that there is no increase in grain size 
argues against mass wasting, so the final verdict about 
the influence on mass wasting on overall sediment 
composition is still out.
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