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Abstract: Lake Limboto is one of the major lakes in Sulawesi, Indonesia. It is currently undergoing
serious degradation due to population pressure. As more residential areas have been established
around the lake, the sedimentation rate has increased because of the contribution of anthropogenic
particles. In this study, the lithogenic and anthropogenic components in surface sediments from
17 points in the lake were studied and identified using a combination of magnetic and geochemical
analyses. The results showed that although the magnetic susceptibility values in R (residential)
and NR (non-residential) areas were relatively similar, the values of saturation isothermal remanent
magnetization (SIRM) as well as those of SIRM/χLF differed significantly, implying that the magnetic
characteristics of the lithogenic component (in the NR area) differ from those of the anthropogenic
component (in the R area). The discrepancy between the anthropogenic and lithogenic contributions
was further supported by trace metals and rare earth element (REE) contents. Sediment samples in
the R area contained higher levels of Mn, La, Pr, and Gd, while in the NR area they contained higher
levels of Fe, Sc, Nd, and Ce. The magnetic susceptibility also correlated strongly with Fe, Cu, Zn,
and Mn contents in the NR area. A similar correlation was not observed in the R area. The results
above imply that a combination of magnetic and geochemical analyses can successfully differentiate
lithogenic and anthropogenic components or contributions in lake sediments.

Keywords: lithogenic; anthropogenic; Lake Limboto; magnetic minerals; trace metals; rare earth
elements; surface sediment

1. Introduction

Lake Limboto in the Gorontalo Province, Sulawesi, is one of several lakes in Indonesia that faces
serious degradation due to population pressure as more residential areas are established in the vicinity
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of the lake. As the sedimentation rate has increased, the lake has reduced to about 3000 hectares in
size with a depth of only 2–4 m [1]. The sources of sediment entering into the lake are no longer
natural in origin but are also anthropogenic. Like many other lakes, sedimentation in a lacustrine
environment (as in Lake Limboto) is formed as a closed system with a relatively high deposition rate
when compared to that of a marine environment. Generally, lacustrine sediments contain magnetic
minerals and trace metals originating from lithogenic sources, from in situ processes in the lakes, as
well as from anthropogenic sources [2–4]. The term “trace metals” has been used in earlier studies
to describe lithogenic as well as anthropogenic metals [5,6]. In this study, lithogenic components are
defined as those components produced from the weathering of bedrocks and soils in the catchment
area that were transported either by water or by air, which then settled at the lake bottom. Thus, the
magnetic minerals or trace metals in the lake sediments were related to those in the bedrocks and soils.
For instance, the lake sediments from areas with basalt and ultramafic bedrocks had a higher magnetic
susceptibility (a higher concentration of magnetic minerals) when compared to lake sediments from
areas with limestone bedrocks [7,8].

More recent studies have shown that the variations in the content of magnetic minerals in lake
sediments are controlled not only by lithogenic components but also by coarse-grained magnetite
anthropogenic provenience. Anthropogenic contributions can also be identified by an increase in trace
metal content. For instance, studies of sediments from Lake Champlain [9], East Lake [10], and Lake
Sanliqi [11] have reported an increase in magnetic susceptibility followed by an increase in the trace
metals Fe, Mn, Cu, Zn, Cr, Pb, and Cd from several forms of anthropogenic waste. Additionally, coarse
grain magnetite (Fe3O4) with PSD (pseudo-single domain)/MD (multi-domain) sizes were found in
East Lake [10,12] and Lake Gonghai [13] that were contaminated not only from mining, industrial,
agricultural, and residential wastes but also from vehicle emissions. Moreover, magnetic minerals with
similar properties have also been found in river sediments [14–17], soil [18–20], and leachate [21–23]
that were anthropogenic.

In this study, lithogenic and anthropogenic components in surface sediments from Lake Limboto
were identified based on their magnetic and geochemical characteristics. On the basis of these
characteristics, it was possible to map the areas of the lake affected by lithogenic and/or anthropogenic
components. The results of this study are expected to become a baseline for monitoring and assessing
lithogenic and anthropogenic contributions in lakes, especially Lake Limboto.

2. Materials and Methods

Lake Limboto is a tectonic lake located in the northern part of Sulawesi Island, Gorontalo,
Indonesia. Geologically, Lake Limboto is part of the Gorontalo depression that allegedly lifted as a
result of the influence of the Sangihe subduction in the Plio-Pleistocene. This is demonstrated by the
coral growth that formed limestone rocks with a high elevation [24–26]. This process of geological
dynamics formed the bedrock of Lake Limboto, which is dominated by limestone rocks, coral being
the main component. The main residential areas around the lake are mostly located on the eastern
and northern coasts (Figure 1). There are 23 rivers to the north, west, and south of the lake that
serve as inlets for Lake Limboto. The main rivers are the Alopohu, Bionga, Talubongo, Moluopo,
Marisa, and Rintenga Rivers. However, Lake Limboto has only one outlet, the Tapodu River in the
south-eastern part of the lake, which flows towards Gorontalo Bay.

Samples of surface sediments were collected from 17 points in Lake Limboto (Figure 1) using a
sediment grabber. On the basis of the proximity from the residential areas on the coast, the samples
were divided into two groups: R (for residential) and NR (for non-residential) zones. In the R
zones, the immediate coast has dense residential areas. In the NR zones, the coast is sparsely
populated. Some areas of the lake, especially in the western part, are used extensively for fish
farming. The presence of fishnets prohibited symmetrical sampling. In total, eleven sampling points
(1 to 9, 12, 13) were designated as R points while the other six sampling points (10, 11, 14 to 17) were
designated as NR points.



Geosciences 2018, 8, 116 3 of 11

Figure 1. Map of Lake Limboto and the 17 sample points used for the collection of surface sediments.
Sampling Points 1 to 9, 12, 13 are in the residential (R) area ( ) and sampling points 10, 11, 14 to 17 are
in the non-residential (NR) area (N).

Sediment samples were then sieved with a 325-mesh sized (44 µm in diameter) sieve to
obtain homogeneous clay particles. These were prepared for magnetism measurements as well
as measurements of trace metals and rare earth element (REE) contents. Detailed sample preparations
and measurements for magnetic parameters were carried out following the steps described earlier
in Reference [27]. In this study, the measured and determined magnetic parameters included
mass-based low-frequency magnetic susceptibility (χLF), frequency-dependent magnetic susceptibility
(χFD %), and isothermal remanent magnetization (IRM), as well as saturation isothermal remanent
magnetization (SIRM). All of these measurements were conducted in the laboratories at the Institut
Teknologi Bandung, Indonesia.

The χLF (in m3/kg) was used to infer the concentrations of magnetic minerals controlled mainly
by ferromagnetic (sensu lato) mineral phases such as magnetite and hematite [2,3,27,28]. The χFD

% analysis was used to determine the portion of superparamagnetic (SP) fine grains in the samples.
Low values of χFD % (<2%) infers that there were no SP grains in the sample, while very high values
of χFD % (>14%) infers that the sample only contained SP grains. When the χFD % value is between
2–14%, the sample contained a mixture of SP and non-SP grains [28,29]. In addition, the IRM parameter
was also analyzed to identify the magnetic mineral phases with low and high coercivity. Moreover,
the SIRM parameter (10−6 A·m2/kg) was used to indicate the magnetic mineral concentration total of
the ferrimagnetic phases with greater grain sizes than SP or single domain (SD) [2,21].

Trace metal concentrations were determined by atomic absorption spectroscopy (AAS) analyses
using an AA280FS (Varian Inc., Palo Alto, CA, USA) instrument at the laboratory of the Indonesian
Geological Survey in Bandung, Indonesia. REE concentrations were measured by Inductively Coupled
Plasma Atomic-Optical Emission Spectrometry (ICP-OES) analysis using the Agilent type 700/725
ICP-OES instrument (Agilent Technologies, Santa Clara, CA, USA) at the Laboratory of the Center
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for Mineral and Coal Resources in Bandung, Indonesia. The reference material was Bushveld granite
from Transvaal, South Africa, certified by the Council for Mineral Technology (MINTEK) P/Bag
X3015, Randburg 2125, Republic of South Africa. In this study, all REEs are from La through Lu + Y.
However, as the measurements were carried out using the ICP-OES method, the REE concentrations
were normalized to the North American Shale Composite (NASC) [30].

3. Results and Discussion

3.1. Results

Results of the magnetic measurements and analyses are summarized in Table 1. It shows that
χLF varied from point to point, but the mean values for the R and NR areas were rather different
(55.02 × 10−8 m3/kg for the R area and 62.67 × 10−8 m3/kg for the NR area). Figure 2 shows that
the IRM curves for representative samples from the R area (represented by the sample from point 2)
and from the NR area (represented by the sample from point 17) were saturated in the applied field
of less than 300 mT. This implies that the magnetic minerals contained in these two representative
samples were predominated by ferromagnetic minerals with low coercivity, such as magnetite (Fe3O4).
Assuming that magnetite is the predominant magnetic mineral in these samples, the abundance of
magnetite (in %) can then be estimated by dividing the SIRM value by the magnetization saturation
for magnetite (Jsm) (9.2 Am2/kg) [2]. The results showed that the mean value of % magnetite in the
R area (0.16‰) was slightly higher than in the NR area (0.11‰) (Table 1). Moreover, dissimilarities
between the R and NR samples were also observed in the values of SIRM and SIRM/χLF. The mean
SIRM value for the R samples was 146.48 × 10−6 Am2/kg when compared to 99.82 × 10−6 Am2/kg
for the NR samples. The mean SIRM/χLF value for the R samples was 263.87 A/m when compared
to 156.80 A/m for the NR samples. These differences imply that the anthropogenic and lithogenic
contributions to lake sediments could be identified by magnetic parameters, i.e., % magnetite, SIRM,
and SIRM/χLF. Such differences can be observed in Figure 3 where the χLF distribution (see Figure 3a)
differs from the distributions of SIRM and % magnetite (see Figure 3b,c).

Table 1. Magnetic parameters of selected surface sediments in the R and NR areas of Lake Limboto.
SIRM: saturation isothermal remanent magnetization.

Zones Sampling
Points χLF (10−8 m3/kg) χFD % SIRM

(10−6 Am2/kg)
% Magnetite

(‰)
SIRM/χLF

(Am−1)

R area

1 64.92 5.39 181.87 0.20 280.24
2 64.10 2.65 216.86 0.24 338.31
3 57.94 3.80 182.98 0.20 316.03
4 50.82 4.74 204.98 0.22 403.50
5 45.84 5.46 109.10 0.12 238.21
6 53.88 3.15 108.70 0.12 201.68
7 72.00 4.03 166.48 0.18 231.23
8 57.30 4.89 133.24 0.14 232.53
9 48.82 5.12 122.00 0.13 250.01

12 44.16 5.20 64.19 0.07 145.22
13 45.54 1.76 120.85 0.13 265.61

Max 72.00 5.46 216.86 0.24 403.50
Min 44.16 1.76 64.19 0.07 145.22

Mean 55.02 4.20 146.48 0.16 263.87

NR area

10 55.28 6.30 84.98 0.09 153.67
11 52.42 5.73 74.51 0.08 142.19
14 51.00 5.88 67.27 0.07 131.91
15 67.40 4.75 116.55 0.13 172.92
16 68.00 4.26 112.36 0.12 165.23
17 81.94 3.79 143.23 0.16 174.89

Max 81.94 6.30 143.23 0.16 174.89
Min 51.00 3.79 67.27 0.07 131.91

Mean 62.67 5.12 99.82 0.11 156.80
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Figure 2. Isothermal remanent magnetization (IRM) curves saturated below 300 mT in the R area
(represented by point 2) and the NR area (represented by point 17) indicates a ferromagnetic mineral
phase such as magnetite (Fe3O4).

Figure 3. The distribution patterns of magnetic parameters; (a) magnetic minerals abundance (χLF);
(b) saturation isothermal remanent magnetization (SIRM); (c) % magnetite abundance in the R and
NR areas.

Table 2 shows the results of the geochemical analyses. The trace metal (Fe, Mn, Zn, Cu, and Ni)
contents for the sediment samples from the R area differed from those from the NR area. The NR
area was marked by a high Fe content (mean of 100.53 ppm) while the R area was marked by a high
Mn content (mean of 5.21 ppm). Meanwhile, the mean values of the Zn, Cu, and Ni contents were
rather similar for both the R and NR areas. Figure 4 shows the distribution of Fe and Mn values in
the sediments. Table 2 included only seven REEs which were identified using ICP-OES (La, Ce, Pr,
Nd, Gd, Sc, and Y). Apparently, the REE (La, Ce, Pr, Nd, Gd, and Sc) concentrations in the R and
NR areas were also different. The samples in the R area had higher mean values of La, Pr, and Gd,
while the samples from the NR area had higher mean values of Ce, Nd, and Sc. Differences in the
REE concentration could also be observed in Figure 5. In the R area, concentrations of La, Pr, and
Gd were higher, especially in points 1–3, and in points 7–9 (Figure 5a–c). Meanwhile, the NR area
was characterized by a predominance of Ce, Nd, and Sc, which tended to be higher at points 14–17
(Figure 5e–g). These results showed that anthropogenic and lithogenic contributions to lake sediments
could also be identified by trace metals and REE contents. Anthropogenic contributions were marked
by high contents of Mn, La, Pr, and Gd, while the lithogenic contributions were marked by high
contents of Fe, Ce, Nd, and Sc. Table 2 also shows that the areas of R and NR are distinguished by the
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mean value of the ratio (La/Gd)NASC. The NR area is marked by a mean (La/Gd)NASC value of 0.78,
higher than the R area (0.24). This implies that the concentrations of light REE (La, Ce, Pr, Nd) are
higher in bedrock than heavy REE (Gd) [31]. The results of this study indicate that the high value of
(La/Gd)NASC becomes a characteristic marker of lithogenic components, especially for the conditions
found in Lake Limboto.

Figure 4. The distribution patterns of trace metal contents: (a) Fe metal has a high concentration in the
NR area, mainly at points 14–17 (orange areas); (b) Mn metal has a high concentration in the R area
mainly at points 3, 7, 8 and 9 (orange areas).

Figure 5. The different distribution patterns of the rare earth element (REE) contents in the R and NR
areas. The R area is characterized by a high concentration of La, Pr, and Gd (a–c); and the NR area is
characterized by a high concentration of Ce, Nd, and Sc (d–f).
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Table 2. Concentrations of selected trace metals, REE, North American Shale Composite (NASC)-normalized REE contents, as well as (Gd/La)NASC ratios in surface
sediments of R and NR areas.

Zones Sampling Points
Trace Metal Concentrations (ppm) REE Concentrations (ppm) (REEs)NASC

(La/Gd)NASC
Fe Mn Zn Cu Ni La Ce Pr Nd Sc Gd Y La Ce Pr Nd Sc Gd

R area

1 85.71 3.84 0.33 0.18 - 12.76 18.32 9.17 26.92 15.09 8.05 8.84 0.41 0.27 1.83 0.98 1.01 1.61 0.25
2 68.19 3.35 0.27 0.12 - 13.24 17.85 8.09 26.34 14.41 9.27 8.78 0.43 0.27 1.62 0.96 0.97 1.85 0.23
3 100.10 9.04 0.60 0.26 0.03 13.96 19.40 7.81 24.98 13.23 9.89 9.58 0.45 0.29 1.56 0.91 0.89 1.98 0.23
4 68.42 4.79 0.51 0.14 - 12.39 12.17 7.31 15.87 9.06 10.74 7.14 0.40 0.18 1.46 0.58 0.61 2.15 0.19
5 77.83 3.83 0.41 0.17 0.02 11.93 11.77 6.92 16.60 9.44 9.82 7.05 0.38 0.18 1.38 0.61 0.63 1.96 0.20
6 90.00 0.35 0.83 0.33 - 13.39 19.47 6.76 28.67 13.61 5.61 9.14 0.43 0.29 1.35 1.05 0.91 1.12 0.38
7 88.13 7.59 0.44 0.21 0.06 16.67 18.73 9.77 24.47 11.77 17.08 11.84 0.54 0.28 1.95 0.89 0.79 3.42 0.16
8 90.93 8.74 0.41 0.20 0.03 13.94 14.09 10.75 22.73 11.97 11.62 9.02 0.45 0.21 2.15 0.83 0.80 2.32 0.19
9 91.44 9.40 0.40 0.16 - 15.54 12.26 8.49 18.88 10.75 19.36 7.89 0.50 0.18 1.70 0.69 0.72 3.87 0.13

12 77.02 2.56 0.46 0.17 - 9.42 17.23 7.03 23.63 15.18 2.82 7.01 0.30 0.26 1.41 0.86 1.02 0.56 0.54
13 79.46 3.85 0.30 0.10 - 13.22 12.35 8.71 19.26 11.53 10.66 6.43 0.43 0.19 1.74 0.70 0.77 2.13 0.20

Max 100.10 9.40 0.83 0.33 0.06 16.67 19.47 10.75 28.67 15.18 19.36 11.84 0.54 0.29 2.15 1.05 1.02 3.87 0.54
Min 68.19 0.35 0.27 0.10 0.02 9.42 11.77 6.76 15.87 9.06 2.82 6.43 0.30 0.18 1.35 0.58 0.61 0.56 0.13

Mean 83.38 5.21 0.45 0.19 0.04 13.31 15.79 8.26 22.58 12.37 10.45 8.43 0.43 0.24 1.65 0.82 0.83 2.09 0.24

NR area

10 89.32 4.84 0.45 0.14 0.02 9.45 20.49 5.26 30.49 16.45 2.33 8.33 0.30 0.31 1.05 1.11 1.10 0.47 0.65
11 87.09 4.19 0.43 0.16 - 9.52 20.96 4.98 28.39 16.99 0.00 8.14 0.31 0.31 1.00 1.04 1.14 0.00 -
14 90.76 3.67 0.35 0.13 0.05 8.37 20.68 6.51 27.18 16.36 1.14 7.08 0.27 0.31 1.30 0.99 1.10 0.23 1.18
15 115.00 4.77 0.65 0.17 0.08 7.71 19.60 7.04 28.25 16.57 0.00 7.27 0.25 0.29 1.41 1.03 1.11 0.00 -
16 106.00 4.36 0.52 0.20 0.03 8.81 22.22 4.29 32.70 17.53 0.00 8.53 0.28 0.33 0.86 1.19 1.18 0.00 -
17 115.00 5.98 0.50 0.22 0.08 10.05 22.18 5.49 30.00 17.16 0.57 9.35 0.32 0.33 1.10 1.09 1.15 0.11 2.83

Max 115.00 5.98 0.65 0.22 0.08 10.05 22.22 7.04 32.70 17.53 2.33 9.35 0.32 0.33 1.41 1.19 1.18 0.47 2.83
Min 87.09 3.67 0.35 0.13 0.02 7.71 19.60 4.29 27.18 16.36 0.00 7.08 0.25 0.29 0.86 0.99 1.10 0.00 0.65

Mean 100.53 4.64 0.48 0.17 0.05 8.99 21.02 5.60 29.50 16.84 0.67 8.12 0.29 0.32 1.12 1.08 1.13 0.13 0.78
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3.2. Discussion

The magnetic properties of the minerals in the surface sediments of Lake Limboto had a lower
magnetic mineral abundance than those derived from Lake Towuti and Lake Matano [8,32]. Although
Lake Towuti and Lake Matano are on Sulawesi Island, the bedrocks are ultramafic, which is very
different from the limestone in the vicinity of Lake Limboto. The magnetic mineral content in basalt is
much higher than that in limestone [2,7,8,32]. Therefore, it is not surprising that the χLF values in Lake
Limboto tended to be lower than those found in the other lakes.

Compared to those from the NR area, samples from the R area had similar mean χLF values,
but higher mean SIRM and SIRM/χLF values. This implies that the relative quantity of magnetic
minerals in the R area was higher than in the NR area (also shown by a higher % magnetite). The SIRM
and % magnetite distributions (Figure 3b,c) were very similar. Higher SIRM values for polluted
areas (resulting from vehicle emissions, residential and industrial wastes) have also been reported
in previous studies [20,33,34]. The similarity in the mean χFD % values for samples in the R and NR
areas (Table 1) implies that the samples contained both SP and non-SP grains [2,28,29]. However,
the SIRM/χLF values differed significantly. Earlier studies showed that polluted sediments exhibit
high SIRM/χLF [22,27]. Another earlier study also showed that polluted sediments contained PSD
and MD magnetite grains [20,35–37]. Our findings—that magnetic parameters can be used to identify
lithogenic and anthropogenic components in lake sediments—are supported by these assertions.

Table 3 shows the correlations between the χLF, trace metals, and REE contents. Interestingly,
in the NR area, χLF correlated well with Fe (r = 0.91, p = 0.05) as well as with other trace metals.
In contrast, in the R area, there was no correlation between the χLF and trace metal content. However,
in the R area, χLF correlated well with Ce and Nd. These results imply that in the NR area, the sources
of magnetic minerals were the same as the sources of trace metals, i.e., particulates of lithogenic origin.
Similar findings have been previously reported [12,19].

Table 3. Pearson correlation coefficients (r) at p = 0.05 between χLF and trace metal contents as well as
REE contents in the samples in the R area (n = 11) and NR area (n = 6). The bold marker indicates a
significant correlation between two parameters.

Parameters Fe Cu Zn Mn La Ce Pr Nd Sc Gd

R area

χLF 0.21 0.22 −0.09 0.24 0.58 0.64 0.54 0.60 0.33 0.27
Fe 0.67 0.42 0.54 0.51 0.35 0.33 0.35 0.14 0.28
Cu 0.88 −0.05 0.19 0.62 −0.16 0.57 0.25 −0.20
Zn −0.20 0.01 0.39 −0.46 0.29 0.03 −0.28
Mn 0.63 −0.18 0.60 −0.24 −0.33 0.75
La 0.10 0.57 0.10 −0.27 0.85
Ce 0.08 0.93 0.84 −0.37
Pr 0.13 0.31 0.52
Nd 0.87 −0.37
Sc −0.56

NR area

χLF 0.91 0.92 0.65 0.84 0.23 0.50 −0.07 0.44 0.56 −0.35
Fe 0.77 0.80 0.65 −0.19 0.19 0.23 0.26 0.39 −0.48
Cu 0.50 0.71 0.36 0.70 −0.37 0.57 0.83 −0.54
Zn 0.46 −0.38 −0.21 0.22 0.25 0.24 −0.54
Mn 0.52 0.32 −0.07 0.33 0.29 0.04
La 0.63 −0.64 0.34 0.39 0.25
Ce −0.74 0.65 0.83 −0.20
Pr −0.78 −0.74 0.04
Nd 0.72 −0.01
Sc −0.60

In the R area, the sources of magnetic minerals sometimes differed from those of trace metals,
implying a complexity of anthropogenic sources [19,38]. The abundance of Mn as an indication of
anthropogenic contributions (industrial and mining activities) to sediments has also been reported
in Lake Sanliqi [11]. A high Mn content has also been reported as originating from agricultural
waste, residential waste [39], electronic waste, fossil fuel emissions [40], industrial waste, and traffic
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emissions [41]. The REE in the aquatic environment might come from the weathering of rocks and
also from pollutants caused by human activities [42–45]. High REE contents have been reported in
the sediment of Lake Dojran caused by agricultural fertilizers [46]. Previous studies have reported
that La and Gd were found in urban and hospital waste [31,47,48]. Gd has found wide applications in
magnetic resonance imaging (MRI) as a contrasting reagent. The stable Gd chelates may be released
with antibiotics, antihypertensive, anti-inflammatories, antihistamines, and estrogens from medical
facilities into municipal sewage systems and then into streams and rivers [31,48]. This supports our
findings that high levels of La, Gd, and Pr are anthropogenic rather than lithogenic.

4. Conclusions

The magnetic mineral properties in the R and NR areas were differentiated by their SIRM and
SIRM/χLF values. The R area was characterized by coarse-grained (PSD- and MD-sized) magnetite,
indicating an anthropogenic contribution. In contrast, the NR area was characterized by finer
(PSD-sized) magnetite, indicating a lithogenic contribution. The R area was also characterized by higher
concentrations of Mn, La, Pr, and Gd while the NR area was characterized by higher concentrations
of Fe, Ce, Nd, and Sc. In the NR area, the magnetic susceptibility strongly correlated with the trace
content, implying that the magnetic minerals originated from the same sources as those of the trace
metals. Such a correlation was not found in the R area, implying that the anthropogenic components
might have originated from various sources including residential, agricultural, and industrial wastes.
We propose that in an environmental setting like that of Lake Limboto, higher SIRM and SIRM/χLF

values in surface sediments indicate predominantly anthropogenic contributions, while low values of
SIRM and SIRM/χLF indicate lithogenic contributions.
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