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and energy-dispersive spectroscopy (EDS) were used to 
identify elements in the sediments. Scanning electron 
microscopy (SEM) analysis was used to analyze sedi-
ment grains. X-ray diffraction (XRD) analysis was used 
to determine mineral contents. For the first time, χLF/
χFD ratios were found to be an obvious parameter for 
identifying areas of sediment traps and metal enrich-
ment in the estuary turbidity maxima (ETM) zone. The 
magnetic properties carried by volcanic rock minerals 
consist of pigeonite and enstatite. These two minerals 
have not been previously considered as carriers of sedi-
ments with magnetic properties when monitoring heavy 
metal enrichment in urban rivers. These results pro-
vide an extension of the use of magnetic susceptibility 
measurements in environmental studies, particularly in 
estuary river environments in volcanic areas such as the 
Krueng Aceh River, Indonesia.

Abstract  Estuaries have very complex mechanisms 
because they are influenced by seawater intrusion, 
which causes enrichment of contaminants in the maxi-
mum turbidity area. Magnetic susceptibility measure-
ments have been used for monitoring a wide variety of 
environments. However, there have been few studies 
of the magnetic properties of surface sediments from 
estuaries in volcanic environments in the tropics. This 
study investigates the magnetic properties and their cor-
relations with the geochemistry of surface sediments 
in estuaries in volcanic areas and was conducted in the 
Krueng Aceh River, Indonesia. Measurements consist 
of magnetic susceptibility measurements, chemical 
analysis, and mineralogical analysis. Measurements of 
magnetic susceptibilities were performed using a Bar-
tington MS2 instrument with an MS2B sensor using fre-
quencies of 460 and 46 kHz. X-ray fluorescence (XRF) 
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Introduction

Estuaries are intermediate areas of freshwater and 
marine environments that are prone to pollution by 
organic and inorganic contaminants. Rivers have 
attracted the attention of researchers in recent years 
(Peter et al., 2020; Xu et al., 2020) due to their com-
plex mechanisms for various processes, such as 
hydrodynamics, sediment dynamics, metal enrich-
ment, and processes involving organic matter. Due to 
these mechanisms, the environmental quality of estu-
aries is very susceptible to decline. This is particu-
larly true if the river estuary is in an urban industrial 
area (De Souza Machado et al., 2016).

Environmental monitoring is needed as a basis for pre-
venting changes and negative impacts on the sustainabil-
ity of living things and their ecosystems (Chandrasekaran 
et al., 2020; Kumari et al., 2020). The choice of effective 
and efficient technology is an essential factor in success-
ful monitoring. Several approaches have been used in 
monitoring, including biological, chemical, and physical 
approaches (Artiola & Brusseau, 2019). Environmental 
monitoring using magnetic susceptibility measurements 
is one method that has been used extensively to monitor 
the environments of various regional objects such as lakes 
(Yunginger et al., 2018), rivers (Jin et al., 2019; Mariyanto 
et  al., 2019; Sudarningsih et  al., 2017; Togibasa et  al., 
2018), and the sea (Li et al., 2020). Objects that can be 
analyzed include sediments (Yunginger et al., 2018), rock 
(Reyes et al., 2013), soils (Kanu et al., 2014; Novala et al., 
2016), and plants (Hamdan et al., 2019, 2020). For sedi-
ments, magnetic susceptibility measurements have been 
carried out in environmental monitoring, such as with top-
soil (Reyes et al., 2013), lake sediments (Bao et al., 2011; 
Yunginger et al., 2018), marine sediments, and river sedi-
ments (Mariyanto et al., 2019; Sudarningsih et al., 2017).

However, the magnetic properties of estuarine 
river sediments in volcanic environments have not 
been studied before. It is assumed that metal enrich-
ment in estuaries is more complex than that in fresh-
water rivers. This is because metal enrichment in 
an estuary area is influenced by many factors, such 
as salinity, hydrodynamics, the entry of marine ele-
ments, and the influence of biogeochemistry in the 
riverbed (Chen et al., 2001; Dessai et al., 2009; Priya 

et al., 2016; Reitermajer et al., 2011; Wu et al., 2012). 
The presence of the estuary turbidity maxima (ETM) 
zone in the estuary river allows magnetic sediment to 
be trapped in the turbidity region. Furthermore, heavy 
metal enrichment occurs in turbidite areas due to bio-
logical, chemical, and physical mechanisms. Thus, 
in ETM zones in volcanic areas, heavy metal enrich-
ment is thought to be related to the abundance of 
magnetic sediments in the river (De Souza Machado 
et al., 2016).

This study is designed to identify the relationship 
between magnetic susceptibility and geochemistry 
of surface sediments of the Krueng Aceh River as a 
pilot project for monitoring the environmental qual-
ity of the river and its surrounding areas. This river 
was chosen because it is located in a volcanic com-
plex with massive sediment transport from surround-
ing alluvium formations (Bennett et  al., 1983). It is 
hypothesized that the presence of magnetic minerals 
in the sediments will be a source of magnetization 
and can be used as a proxy for metal enrichment and 
ETM zones. Another reason for choosing the Kru-
eng Aceh River is because this river is located in a 
medium-sized urban area where metal enrichment is 
not affected by massive anthropogenic materials such 
as rivers in metropolitan industrial areas but most 
likely from a lithogenic process; this means that the 
analysis can be limited to correlations of magnetic 
susceptibility, metal enrichment, and other mecha-
nisms at the estuary.

Materials and methods

The Krueng Aceh River is located in the Aceh Besar 
District and Banda Aceh City, as shown in Fig.  1. 
The Krueng Aceh River is a river that empties into 
the Strait of Malacca, which is an estuary area in the 
north section of the river. The Krueng Aceh River 
has a length of approximately 145  km and passes 
through the Krueng Aceh Basin or Valley (Moechtar 
et al., 2009). This river is a source of clean water and 
irrigation for the community. According to Bennett 
et al. (1983), Krueng Aceh rock formations are distin-
guished by quaternary, tertiary, and pretertiary rock 
formations. These rock types are classified as sur-
face sedimentary rock, sedimentary rock, metamor-
phic rock, or volcanic rock. Sedimentary rocks con-
sist of sandstones, tuffaceous sandstones, limestone 
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sandstones, conglomerates, tuff sandstones, shale, 
and limestone. Metamorphic rocks consist of phyl-
lite, slate, and marble. Additionally, the quaternary 
and tertiary volcanic arrangements consist of ash, 
tuff, lava, agglomerates, breccias, pumice breccias, 
lava flows, and lava (which are andesite to dacite and 
andesite to basalt and granodiorite) and ultramafic 
intrusion rocks.

Sampling points are shown as eight points in the 
midstream of the river in Fig.  1. Sediment samples 
were collected using a sediment grabber at the bot-
tom of the Krueng Aceh River and were stored in 
plastic containers. Samples were collected in Novem-
ber 2019. The sediment grabber was lowered to the 
riverbed using a rope. Methods of sample preparation 
followed the procedure of Mariyanto et  al. (2019). 
The samples were first sieved using a 40 mesh sieve, 
placed on plastic trays and air-dried at room tempera-
ture. The process at this stage produced bulk samples. 

A small portion of dried bulk samples was then mixed 
with 250 ml distilled water in a beaker for magnetic 
extraction. Hence, the raw samples were extracted 
by the mechanical magnetic extraction technique. 
The extraction was carried out by removing a mag-
netic stirrer dipped in the solution every 5 min until 
no magnetic minerals could be drawn. The extrac-
tion was carried out manually with a weak magnet to 
extract only strongly magnetic minerals (see Togibasa 
et  al., 2018). The extracted grains were then pulver-
ized and sieved using a 200 mesh sieve. Water sam-
ples were collected using grab water sampling.

Magnetic susceptibility measurements were carried 
out on bulk samples using a Bartington MS2 instrument 
with an MS2B sensor that operates at two frequencies, 
i.e., 470 Hz and 4.7 kHz. The measurements with these 
two sensors produced low-frequency mass-based mag-
netic susceptibility ((χLF) and its high-frequency coun-
terpart (χHF). The frequency-dependent magnetic 

Fig. 1   Geological map of the study area shows the sampling sites along the Krueng Aceh River (red dots) ( modified from Bennett 
et al., 1983)
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susceptibility (χFD(%)) could then be calculated from 
�FD(%) =

(

�LF−�HF

�LF

)

× 100%.
Metal content was determined by using X-ray fluo-

rescence (XRF) analysis. The bulk sample was pre-
pared using a pellet press. XRF analysis was performed 
using a PANalytical AXIOS X-ray fluorescence instru-
ment. The extracted sample was analyzed for mineral-
ogy using X-ray diffraction (XRD) with the  
Rigaku-SmartLab X-ray diffractometer instrument. 
Morphological observations of the extracted samples 
were carried out by scanning electron microscopy-
energy-dispersive spectroscopy (SEM–EDS) analysis 
using a JED-2300 T energy-dispersive X-ray spectrom-
eter. The geoaccumulation index ( Igeo ) was calculated 
by Igeo = ln

(

Cn

1.5Bn

)

 , where Cn is the metal concentra-
tion at the sampling point and Bn is the metal concen-
tration at the background point. Bn is a point on the 
absence of anthropogenic activity (Haris et al., 2017), 
and it is station 1 in Fig. 1. Correlation analyses used 
Pearson’s correlation (Hamdan et  al., 2020). The tur-
bidity of water was determined by a turbidity meter 
(Amtast Amt21).

Results

XRF analysis results and water turbidities are shown 
in Table 1. The highest turbidity value was found at 
point 5, and the lowest turbidity was at point 1. Metal 
concentrations indicated that each sediment sample 
contained Cr, Ti, Mn, Fe, Zn, Ni, Mg, Al, Si, Ca, and 
Sr, and samples from points 2 and 8 also contained 
Cu. Table 1 shows different patterns of concentration 

changes for each element in eight sampling locations. 
This indicates the complexity of metal enrichment 
mechanisms in river sediments. Except for Mn and 
Mg, each element exhibited a significant change at 
point 5 compared to point 4.

Analyses of geoaccumulation indexes are shown 
in Table 2. Geoaccumulation indexes show that the 
points 5 are polluted by Cr. The concentration of Fe 
in the sample is relatively high compared to results 
from several measurements in nonvolcanic rivers 
(Mariyanto et  al., 2019; Naseh et  al., 2012); how-
ever, based on the geoaccumulation index, no river 
point was polluted by Fe. The Zn content increased 
from points 6 to 8 in the lightly polluted category. 
Likewise, the Ni content increased from point 7 to 
point 8 in the lightly polluted category.

Table  3 shows the results of measurements of 
low frequency (χLF), high frequency (χHF), and fre-
quency-dependent magnetic susceptibility (χFD). The 

Table 1   Metal concentrations in the sediment samples and water turbidity from the Krueng Aceh River. –, below the detection limit

Sampling 
points

Metal concentration (mg/kg) Turbidity
(NTU)

Cr Ti Mn Fe
 × 103

Zn Ni Mg
 × 102

Al
 × 103

Si
 × 103

Ca
 × 103

Cu Sr

1 1120 10,600 2820 135 209 340 397 134 512 94.7 - 1510 1.51 ± 0.29
2 950 13,100 3440 155 251 418 242 163 522 57.2 296 1250 1.40 ± 0.11
3 790 9660 2780 120 237 336 264 133 553 79.6 - 1340 3.24 ± 0.12
4 460 10,200 2610 129 218 451 248 150 546 66.0 - 1330 10.26 ± 0.44
5 2260 17,300 2690 163 246 381 286 138 491 87.7 - 1240 28.40 ± 0.86
6 940 12,700 2120 153 345 0 264 155 501 78.6 - 1210 20.00 ± 0.91
7 1110 12,400 2510 161 338 578 264 173 509 48.5 - 997 18.20 ± 0.63
8 521 11,900 2720 167 447 593 263 176 473 38.8 341 943 9.45 ± 0.71

Table 2   Heavy metal geoaccumulation indexes. In italics are 
polluted states

Sampling 
point

Geoaccumulation index

Cr Ni Fe Zn Mn

1 −0.41 −0.41 −0.41 −0.41 −0.41
2 −0.57 −0.20 −0.27 −0.22 −0.21
3 −0.75 −0.42 −0.52 −0.28 −0.42
4 −1.30 −0.12 −0.45 −0.36 −0.48
5 0.30 −0.29 −0.22 −0.24 −0.45
6 −0.58 0.00 −0.28 0.10 −0.69
7 −0.41 0.13 −0.23 0.08 −0.52
8 −1.17 0.15 −0.19 0.35 −0.44
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results of these analyses indicate that there are dif-
ferences in the values at each sampling point. Based 
on the data in Table 3, point 5 was the point with the 
highest susceptibility value and was increased dras-
tically compared to point 4. The value of χFD also 
changed drastically at point 5 compared to point 4.

The results of XRD analyses are shown in Fig. 2. 
The diffractogram shows that the minerals in the 
extraction sample consist of quartz, pigeonite, and 
enstatite. Strongly ferromagnetic minerals such as 
magnetite and hematite were not found in the ana-
lyzed samples. The results of SEM–EDS analysis are 
shown in Fig.  3. These results support conclusions 
drawn from mineralogical analyses of the XRD dif-
fractogram, and they show the presence of Mg, Si, 
Fe, and O elements in the sediment. These elements 
make up the minerals quartz, pigeonite, and enstatite.

Discussion

Based on the turbidity data in Table 1, point 5 is the 
point with the highest turbidity. This indicates that 
the point is in the ETM zone. The concentrations of 

Al, Fe, Zn, and Ni tended to increase toward the estu-
ary zone from point 5. Additionally, the concentra-
tions of Ti, Mg, Ca, and Cr tended to decrease toward 
the estuary zone. The concentrations of elements 
such as K, Na, and Mg were found to be very high 
in the upstream area of the river. Concentrations of 
Cu were only found at points 2 and 8. Metal in the 
river may come from geological weathering and the 
discharge of agricultural, residential, and waste prod-
ucts (Chen et al., 2001). Metal distributions in surface 
sediment are determined by speciation, precipitation, 
solubilization, diffusion, and advection mechanisms. 
All of these processes can occur in the form of physi-
cal, chemical, and biological processes that operate 
in the water column (Dessai et  al., 2009; Moechtar 
et al., 2009 & De Souza Machado et al., 2016). Metal 
enrichment in sediments is determined by several 
parameters, such as the effects of tides, freshwater 
discharge, waves, winds, topography of the estuary, 
sediment particle size, salinity, river discharge, local 
currents, suspended sediment concentration, oxygen 
level, and pH (Chen et al., 2001; Dessai et al., 2009; 
Priya et al., 2016; Reitermajer et al., 2011; Wu et al., 
2012).

Table 3   Magnetic 
susceptibility measurement 
data for sediment samples 
from the Krueng Aceh 
River. χLF is low-frequency 
magnetic susceptibility, χHF 
is high-frequency magnetic 
susceptibility, and χFD 
is frequency-dependent 
magnetic susceptibility

Sample code χLF (× 10-6 m3·kg-1) χHF (× 10-6 m3·kgˉˡ) χFD (%)

1 706.3 ± 1.2 705.8 ± 1.4 0.07
2 389.6 ± 2.4 385.5 ± 2.8 1.05
3 603.2 ± 3.7 597.4 ± 2.6 0.96
4 428.3 ± 2.5 412.8 ± 3.7 3.62
5 1385.9 ± 11.6 1385.4 ± 14.1 0.03
6 1184.3 ± 17,5 1173.9 ± 25.9 0.88
7 258.1 ± 3.4 248.6 ± 7.6 3.68
8 95.7 ± 0.2 89.2 ± 1.7 6.79

Fig. 2   XRD diffractogram 
for sediment  taken from 
point 8
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Based on Table 1, crustal metals such as Ti, Al, 
Si, and Fe have different properties in downstream 
areas. The downstream section of the river has 
increased water salinity (Adib & Javdan, 2015). 
The gradient for metal enrichment was also strongly 
influenced by physicochemical properties in the 
estuary region. One of the most influential param-
eters is salinity. Salinity affects sediment flow, 
concentration and partitioning, sedimentation and 
metal removal from surface water, and metal remo-
bilization processes. Metals within sediments in 
estuarine regions are attributed to either conserva-
tive or nonconservative behaviors of metals. Con-
servative behavior causes metal concentrations to 
decrease linearly with increasing salinity (De Souza 
Machado et  al., 2016). Therefore, Ti is conserva-
tive with respect to salinity; on the other hand, Fe 
and Al are not conservative (Chu et  al., 2014; De 
Souza Machado et al., 2016). Fe in the sediments is 
probably dominated by Fe from geological weath-
ering sediments (Esteller et  al., 2017). Moreover, 
the abundance of Si in sediments is probably influ-
enced by the flow of Si from marine environments 
into the river and/or due to the geological setting of 
the river in the alluvium area. The presence of Si 
in river sediments needs further research to under-
stand its mechanisms for pedogenesis, solubility, 

granulometry, and deposition (Fabre et  al., 2019; 
Nakanishi et al., 2019).

Figure 4 shows the correlation of Fe, Mn, and Ca 
levels with those of the other elements for points 5 
to 8. Based on the data in Fig.  4, Mn and Fe levels 
exhibit a significant correlation (R = 0.97) in the area 
suspected of being the estuary zone. Apart from the 
presence of the same bedrock, this is suspected to 
be because Fe and Mn undergo similar adsorption, 
coagulation, flocculation, and precipitation processes 
(Oldham et  al., 2017). The increase in Fe and Mn 
concentrations at point 5 can be caused by adsorption 
and the abundance of suspended organic particles that 
adsorb Fe and Mn and the flocculation process caused 
by seawater intrusion (Zhu et al., 2018). According to 
Jilbert et  al. (2018), Fe enters the estuary area as a 
mixture of Fe oxyhydroxides with dissolved organic 
matter (DOM). Then, a flocculation of Fe and partial 
decoupling from DOM give ferrihydrite and Fe(III)-
organic matter. The abundance of Fe/Mn at point 6 
was decreased compared to point 5, which is thought 
to be due to Fe/Mn complexation by ligands in the 
water column. From point 6 to point 8, the concentra-
tions of Fe and Mn in the sediment tended to increase. 
In areas with high salinity levels, there is competi-
tion for ligand complexion between Fe/Mn ions and 
marine ions, especially Ca2+ and Mg2+ (Hopwood 
et  al., 2015). Furthermore, Fe–Mn oxides in sedi-
ments absorb or precipitate metals in water bodies 
(De Souza Machado et al., 2016).

Figure 4 also shows that Fe and Mn concentrations 
in the sediment correlated with Ni concentrations in 
the sediment. Furthermore, the concentrations of Fe 
and Mn showed a significant negative correlation 
with Sr level and a positive correlation with Ca level. 
This is presumably because Sr is an element originat-
ing from the ocean and is possibly derived from calcic 
biota (Zhao et al., 2016). Additionally, Cr concentra-
tion has a positive correlation with Ca concentration, 
which indicates that most of the Cr is likely to have 
been precipitated in the form of carbonate. However, 
Ni and Zn concentrations were negatively correlated 
with Ca concentrations. This is probably because cal-
cium carbonate acted as a diluent of the clay fraction 
(Kowalska et al., 2021).

Table 1 shows that Ni and Zn were identified at an 
upstream point. This indicates that Ni and Zn were 
present in the sediment as lithogenic products because 
in the upstream area, there is no contamination from 

Fig. 3   SEM–EDS observation of a extracted sediment; b iron 
(Fe); c magnesium (Mg); d silicon (Si); and e oxygen (O)
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anthropogenic activity. The concentrations of Zn and 
Ni are linearly related to salinity, which indicates that 
these metals are not conservative (Chu et  al., 2014; 
De Souza Machado et  al., 2016). The metal enrich-
ments from points 5 to 8 indicate that this point is an 
ETM zone (De Souza Machado et  al., 2016). ETM 
are influenced by hydrodynamic factors, sediment 
dynamics, and transport of suspended particulate 
matter (Burchard et  al., 2018). The particles or col-
loids in the ETM zone then affect the mobilization, 
adsorption, and precipitation of metals. In this zone, 

metal enrichment in sediments tends to occur through 
the interaction of surface forces (De Souza Machado 
et al., 2016). Furthermore, it is also possible that the 
enrichment of Zn and Ni comes from ions originating 
in the water column (Meng et al., 2008; Yang et al., 
2012; Yi et al., 2012).

Based on Table 1, the increased concentrations of Zn 
and Ni probably originated from anthropogenic sources 
in the form of dissolved ions and accumulations of sedi-
ments containing both metals. Zn can come from vari-
ous sources, including electronic wastes, road surfaces, 

Fig. 4   Correlation between metal concentrations in sediment samples from the Krueng Aceh River
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dissolved Zn from corrosive community roofs, and 
agricultural pesticides (Fujimori & Takigami, 2013). 
Anthropogenic sources of Ni metal include waste steel 
and materials used in construction activities (Kumar 
et al., 1994). The presence of Cu at point 2 is thought 
to have originated from rock mining activities that con-
taminated river tributaries that entered the river before 
point 2. However, the abundance of Cu at point 8 is 
thought to result from accumulation of Cu that was 
flocculated due to increased salinity.

Changes in the values of χLF and χFD from point 
to point are shown in Fig. 5. Changes in the values of 
χLF and χFD from points 3 to 8 were not caused by 
geological factors involving changes in rock forma-
tions. This is shown in Fig. 1, which shows that these 
points are located within the same geological forma-
tion. The points are in the alluvium formation, which 
consists of clastic sediments. Point 5 is suspected to 
be a transition area for metal enrichment, where χLF 
and χFD values change significantly compared to 
those at the previous point. The increasing value of 
χLF indicates the abundance of magnetic minerals 
at that point. The low χFD value at point 5 indicates 
that the abundance of magnetic minerals arises from 
particles in the suspended multidomain size. Denser 
magnetic minerals are likely trapped at this point. 
However, lighter magnetic minerals are transported 
downstream (Badesab et al., 2012).

Based on Fig.  5, point 1 and point 5 exhibited 
higher χLF/χFD values than the other points. At point 
5, the value of χLF/χFD also increased with a very 
extreme gradient. The high χLF/χFD at point 1 was 
caused by the sample analyzed, which was dominated 
by sediments that did not change in size due to trans-
port dynamics. The high value of χLF/χFD at point 5 
probably arose because the point is in a large mag-
netic sediment trap area. This shows that a compari-
son of χLF/χFD values can provide qualitative infor-
mation on points that have magnetic minerals with 
larger sizes and high magnetization. To prove this 
supposition, a granulometric analysis and a mineral-
ogy study are needed at that point.

Based on the results of the Pearson correlation 
analysis shown in Table  4, the values of χLF were 
correlated significantly with the concentration of Cr. 

Although not significant, the values of χLF were also 
linearly correlated with the concentrations of Ca, Mg, 
and Ti. However, assuming that points 5 to 8 are estu-
ary regions, correlations between χLF values and ele-
ment concentrations were expected, and this is shown 
in Fig. 6. The figure shows correlations between the 
values of χLF and the concentrations of Fe, Ca, Ti, Ni, 
Cr, Zn, Sr, Mg, Al, and Si. Figure 6 shows the pattern 
of χLF values with several elements. The results of 
correlation analyses show that the value of χLF has a 
significant linear correlation with the concentration of 
Ca. It is suspected that there are ferromagnetic min-
erals with strongly magnetic Ca-based or carbonate-
based minerals in the estuary area. The linear correla-
tion between the χLF value and the concentration of Ti 
is probably due to Ti-based magnetic minerals, which 
can also be found in sediments resulting from weath-
ering of volcanic rock. However, it is possible that Ca 
association with magnetic minerals is caused by bio-
geochemical processes of microorganisms (Monteil 
et al., 2020).

The increase in χLF at point 5 is probably due to 
the abundance of Fe-based magnetic minerals. This 
is supported by the increase in the concentration of 
Fe at that point. However, based on Table 4, the χLF 
value did not show a significant correlation with the 
concentration of Fe. This result differs from previ-
ous reports in that the χLF values of river sediments 
were always correlated with the concentration of Fe 
(Naseh et  al., 2012). The difference in χLF values 
for sediments generally comes from differences in 
the type and abundance of magnetic minerals within 
each sample. The value of χLF is generally driven by 
Fe-based minerals, so changes are very sensitive to 
Fe abundance (Canbay et al., 2010; Mariyanto et al., 
2019; Sudarningsih et al., 2017).

Based on the XRD analysis, the minerals in the 
extraction samples consisted of quartz, pigeonite, and 
enstatite. The results showed that strongly ferromag-
netic minerals such as magnetite and hematite were 
not found in the analyzed samples. Strongly mag-
netic Fe-oxide minerals are likely trapped in the area 
around point 5. Quartz, pigeonite, and enstatite are 
minerals originating from volcanic lava in the mafic 
region and ultramafic igneous rock (Biedermann 
et  al., 2015). The presence of these minerals in the 
sediment is probably caused by the dynamics of sedi-
mentation in the estuary area. SEM observations con-
firmed that magnetic minerals are lithogenic particles 

Fig. 5   Distributions of the χLF, χFD, and χLF/χFD values and 
metal concentrations along the Krueng Aceh River from down-
stream (0 km) to upstream (80 km)

◂
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characterized by grain morphologies that are not 
spherical (Labrada-Delgado et  al., 2012). However, 
further mineralogical analysis is required for samples 
from the ETM zone.

Theoretically, χFD values indicate superparamag-
netic abundance (Kanu et al., 2014). Based on Fig. 5, 

the values of χFD were < 2% in the upstream areas 
(points 1 to 3), which indicates a low superparamag-
netic abundance; it can also be interpreted to indi-
cate multidomain grain sizes (Dearing, 1999). This 
is very logical because the sediments in the upstream 
area have not changed their shapes and sizes into 

Table 4   Pearson 
correlation between 
magnetic parameters and 
heavy metal contents. R 
values for strong correlation 
(> 0.707, n = 8, p = 0.5) are 
in italics

- Cr Ni Zn Ti Fe Mn Si Al Mg Ca χLF χFD

Cr 1.00
Ni −0.33 1.00
Zn −0.27 0.87 1.00
Ti 0.85 0.04 0.10 1.00
Fe 0.37 0.64 0.68 0.72 1.00
Mn −0.00 −0.32 −0.35 0.01 −0.05 1.00
Si −0.34 −0.52 −0.71 −0.60 −0.88 0.20 1.00
Al −0.37 0.93 0.79 0.06 0.70 −0.01 −0.47 1.00
Mg 0.27 −0.44 −0.33 −0.11 −0.21 0.00 −0.15 −0.51 1.00
Ca 0.50 −0.91 −0.70 0.10 −0.49 −0.14 0.26 −0.93 0.61 1.00
χLF 0.72 −0.67 −0.33 0.58 0.02 −0.37 −0.13 −0.61 0.23 0.79 1.00
χFD −0.59 0.89 0.73 −0.26 0.33 −0.12 −0.31 0.76 −0.40 −0.87 −0.75 1.00

Fig. 6   Correlation between χLF values and the metal concentrations at points 5 to 8
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small and fine grains due to physical processes such 
as transport and weathering (Ananthapadmanabha 
et al., 2014). Based on the previous discussion, point 
5 is considered to be in the ETM zone. The value of 
χFD was less than 2% at this point, and this is thought 
to be due to the abundance of organic matter parti-
cles, which are more dominant than superparamag-
netic minerals. However, at points 4, 7, and 8, the 
values of χFD were 2% < χFD < 10%, which indicates 
that there was superparamagnetic grain enrichment 
at these points. The abundance of superparamagnetic 
grains may have resulted from weathering of bedrock 
and anthropogenic particles. The weathering of rocks 
is determined by regional climates. In tropical areas, 
weathering is more prevalent than it is in other cli-
mates (Ananthapadmanabha et al., 2014).

It is possible that the presence of superparamagnetic 
grains as anthropogenic particulates comes from ship-
ping, waste disposal, and land use around points 7 and 
8, which are near a traditional market. Based on the 
Pearson correlation matrix shown in Table  4, the χFD 

values exhibited a significant negative correlation with 
Ca concentration. This is suspected of forming Ca-
based magnetic minerals or those associated with Ca in 
the estuary, and these comprise a multidomain or single 
domain and are not in a superparamagnetic form. Based 
on Fig. 7, χFD values exhibited a tendency to increase 
with increasing concentrations of Fe, Zn Al, and Ni, 
although these trends were not significant. The presence 
of Zn and Ni in the sediment could also be due to the 
Fe oxide precipitation mechanism mentioned earlier. 
However, the χFD value showed negative correlations 
with the concentrations of Sr and Mg. These two metals 
probably arise from marine environments together with 
Ca, and their mechanisms result from their association 
with carbonate-based minerals.

Conclusion

The values of χLF, χFD, and χLF/χFD can be proxy indi-
cators identifying ETM and heavy metal enrichment 
zones. The values of χLF/χFD increased sharply at 

Fig. 7   Correlations between χFD values and metal concentrations at points 5 to 8
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points suspected of being sediment traps in the ETM 
zone. The parameter χLF/χFD has never been used as 
a proxy parameter to identify the ETM zone. Thus, 
these results expand the use of magnetic susceptibility 
parameters in monitoring river environments, espe-
cially in estuary rivers in volcanic environments.

χLF values increased, possibly due to enrichment of 
magnetic minerals at points of maximum turbidity due 
to mechanisms of magnetic sediment dynamics and/or 
chemical and biological processes. On the other hand, 
χFD values decreased drastically in the turbidity zone due 
to the low abundance of superparamagnetic minerals. 
Thus, magnetic susceptibility analysis constitutes a new 
supplemental method for identifying ETM zones. Unlike 
metropolitan or industrial areas, the Krueng Aceh estu-
ary river, which is in a volcanic area and is surrounded 
by a geological formation in the form of alluvium, con-
tains pyroxene minerals consisting of pigeonite and 
enstatite that serve as carriers of magnetic minerals. Fur-
ther mineralogical analysis is needed to analyze magnetic 
minerals in the maximal turbidity area.

Data availability  Source data for figures are provided with 
the paper.
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