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Abstract
Purpose  Magnetic minerals within fluvial sediments are affected by a variety of natural and anthropogenic factors, limiting 
the capability of sediment magnetism in tracing provenance, assessing pollution, and other environmental or geological fields.
Methods  Twenty-three samples were collected from Liuxi River, a river influenced by complex natural and human processes, 
in southern China to conduct the analysis of magnetism, particle size, and geochemical elements. The micromorphology of 
magnetic particles was directly observed by scanning electron microscope and energy dispersive spectrometer.
Results  The following are the factors affecting the sediment magnetic properties: (1) There is a sampling site in the upper 
reach with over 100 times magnetic susceptibility than other sites. This sampling site is close to the areas having documented 
iron ore mining and smelting activities in the past few hundred years, and the sample contains the very high concentrations of 
metals (e.g., Fe, Mn, Ni, Pb, Sn, V, Cr, Cu, and Bi), implying the ancient mining activity could pose environmental risks in 
modern sediments. (2) In a downstream direction, magnetic concentration shows a decreasing tendency and magnetic grain 
size becomes finer. The contributions of superparamagnetic particles and high-coercivity minerals (e.g., hematite) to the 
total magnetism increase, and technogenic magnetic particles appear downstream of urban areas. In general, the upstream 
magnetic minerals are controlled by weakly weathered coarse-grained particles produced by granite denudation, while the 
downstream magnetic minerals are affected by the sedimentary rocks and the human activity. (3) Magnetic minerals become 
coarse after the river flows over barrages in response to the hydrodynamic changes.
Conclusions  The investigation reveals the natural and anthropogenic influences according to the analysis of the sediments 
in Liuxi River, and further research related to the sediment magnetism in complex river should be conducted.

Keywords  Southern China · Magnetic parameters · Ancient mining · Human activities

1  Introduction

As one of the most active systems on the Earth’s surface, 
rivers play a critical role in linking mountains and coastal 
areas, eroding the earth surface, and transporting terrestrial 
materials and nutrients to the oceans (Steffen et al. 2006; 
Milliman and Farnsworth 2011). River sediment proper-
ties, called “fingerprints” are employed to study the erosion 
in drainage basins, sediment discharge, and provenance in 
the catchment and marginal seas. However, due to the influ-
ence of complex factors such as provenance (Garzanti et al. 
2021; He et al. 2020), hydrodynamic sorting (Su et al. 2017), 
chemical weathering related to long-time regional climate 
(Moon et al. 2007; Shao et al. 2012), seasonal meteorologi-
cal change (Jian et al. 2020), extreme weather (Deng et al. 
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2019), and human activities (Zhang et al. 2011; Szczepaniak-
Wnuk et al. 2020), most of geochemical and mineralogical 
properties of river sediments exhibit non-conservative and 
heterogeneous features in response to seasons and reaches 
(Garzanti et al. 2010; Koiter et al. 2013; Deng et al. 2019; 
Garzanti et al. 2021; He et al. 2020; Jian et al. 2020). In 
order to understand the heterogeneity of river sediments, it 
is necessary to study the physical and chemical properties 
of river sediments at different scales.

Magnetic minerals are ubiquitous in soils and sediments 
on the earth’s surface (Pulley et al. 2017; Yang et al. 2020; 
Warrier et al. 2021). Magnetic parameters of the riverine 
sediments provide an accessible record of the natural and 
anthropogenic changes of river basins (Franke et al. 2009) 
owing to the quick, nondestructive, and cost-efficient mag-
netic measurements. Soil parent material is considered to 
be the primary factor in controlling the magnetism of river 
sediment. For instance, the mafic rocks (e.g., basalt) in the 
source areas result in a higher concentration of magnetic 
minerals in rivers than the areas covered by other rocks 
(Sudarningsih et al. 2017; Panwar et al. 2020). The influence 
of hydrodynamic sorting on the magnetism of river sediment 
is typically of secondary importance. The magnetic particles 
in some river sediments become finer, and the concentration 
of magnetic minerals decrease in a downstream direction 
(Li et al. 2017; Mzuza et al. 2017). However, the influence 
of hydrodynamic sorting on river sediment magnetism has 
been shown to be complex. For example, the grain sizes of 
preferential magnetic particles are different in two branches 
of the Yangtze River (Dong et al. 2014). A comprehensive 
study of sediment magnetism throughout the basin helps to 
understand the influence of hydrodynamic sorting on the 
distribution of magnetic minerals.

In addition to the abovementioned natural factors, anthro-
pogenic factors have been recognized to be highly important 

controls on sediment magnetism. Generally, sediment magnet-
ism tends to be elevated due to the human activity for rivers 
flowing through cities (Szczepaniak-Wnuk et al. 2020), Fe-
smelting plants (Zhang et al. 2011), and other industrial and 
residential areas (Chaparro et al. 2008, 2011; Mariyanto et al. 
2019). Several studies have assessed the degree of human 
activity or pollution by the increased magnetic susceptibility 
(Chaparro et al. 2008; Mariyanto et al. 2019); however, some 
studies reported that the parent rocks (e.g., volcanic material) 
and specific weathering conditions could also cause dramatic 
magnetic enhancements (Liu et al. 2017; Shen et al. 2020; 
Zhang et al. 2020). Further mineralogical studies, such as the 
observation on the morphology of magnetic particles, could 
provide more specific evidence for the existence of artificial 
magnetic particles (e.g., Franke et al. 2009). Notably, most 
researches focus on magnetic particles produced by modern 
human activities and their environmental impact (Chaparro 
et al. 2008, 2011; Mariyanto et al. 2019; Szczepaniak-Wnuk 
et al. 2020; Zhang et al. 2011), but there is a lack of under-
standing of whether ancient human activities are still affecting 
magnetic minerals in rivers. The mining and smelting of iron 
ore began to flourish about 2000 years ago (Lynch 2003). 
Therefore, it was speculated that there may be iron residues 
from ancient smelting in fluvial sediments, which could be 
discovered by the magnetic approach.

In order to verify this hypothesis, the Liuxi River with 
ancient mining records was selected for the present study. 
The Liuxi River flows through the northeastern Guangzhou 
of China, and has a large drop along its longitudinal profile. 
The basin is covered with a mixture of granite, metamor-
phic, and sedimentary rocks. In addition, human activities 
are concentrated in the lower reaches (Fig. 1). Therefore, the 
river is a natural laboratory for investigating the changes of 
magnetic minerals with the drainage environment. The com-
prehensive effects of natural processes and human activities 

Fig. 1   a Location of the study area and the river, the downtown, reservoirs, and sampling sites. b The lithology of the study area
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on sediment magnetic properties would be discussed based 
on environmental magnetic parameters, particle sizes, and 
elemental geochemistry.

2 � Materials and methods

2.1 � Study area

Located in the central and northern part of the Pearl River Delta, 
the Liuxi River is the longest river flowing through Guangzhou, 
one of the largest cities in southern China (Fig. 1a) (Ji et al. 
2013). The Liuxi River has a total length of ~ 171 km and a total 
basin area of ~ 2300 km2. The watershed area accounts for 31% 
of the total land area of Guangzhou, being an important water 
conservation area. The Liuxi River originates from the Guifeng 
Mountain in Lutian Town, passes through Conghua and Huadu 
Districts, and then flows into the Pearl River. In addition to the 
trunk stream, there are five tributaries with a rainfall collecting 
area of more than 100 km2, including three rivers in the upper 
reaches and one river respectively in the middle and lower 
reaches. The basin is located in the subtropical monsoon humid 
climate zone, crossing the Tropic of Cancer (23° 26' N). The 
annual average values of temperature, evaporation, and rainfall 
are 20–22 ℃, 1200 mm, and 1800 mm, respectively. Affected 
by monsoon and typhoons, the rainfall is concentrated during 
April to September (Huang and Zhao 2017).

The upstream of the Liuxi River is covered by medium-
grained porphyry biotite monzogranite, which was formed 
during the Jurassic and Cretaceous. Notably, in the Late 
Triassic, sedimentary rocks with remarkable metamor-
phism emerge which are on the eastern side of the modern 
day Liuxi Reservoir. Along the metamorphic zone, there 
are sporadic iron ore deposits formed by the skarnization. 
The outcrops of the middle and lower reaches of the river 
are mainly the Late Paleozoic (Devonian to Carboniferous) 
and Cenozoic (Eocene and Quaternary) sedimentary rocks, 
including shale, siltstone, fine sandstone, etc. (Fig. 1b).

In the upstream of the Liuxi River, Liangkou and Lutian 
are the main town centers. Due to the geographical limita-
tions of industrial development, agriculture and ecological 
tourism are the primary industries present, and building 
materials and small hydropower are the leading industrial 
enterprises. The urban and rural settlements are more con-
centrated in the lower part of the river basin (Li 2020). The 
downtown along the Liuxi River, centered around Jiekou, 
Jiangpu, and suburbs (Fig. 1a), mainly provides residential, 
cultural entertainment, business, and trade functions. The 
Taiping Town in the lower reaches has an advantageous geo-
graphical location and convenient transportation and mainly 
develops high-tech industries, manufacturing, and other ser-
vice industries (Huang and Zhao 2017).

2.2 � Sampling

Twenty-three sites were set up in the Liuxi River to collect 
sediment samples (Fig. 1). A stainless-steel grab was used to 
collect sediment samples to a depth of approximately 10 cm 
from the river bed. The environment of the sampling sites 
was recorded and photographed, and the sediment samples 
were described. The sampling interval was 3–10 km in the 
upper reaches, and 2–3 km in the middle (downtown of 
Conghua District) and lower reaches (villages and towns of 
Baiyun District). The altitudes of sampling sites range from 
200 to 10 m above sea level from upstream to downstream 
of the Liuxi River (Fig. 2). In addition, three iron ore sam-
ples (TK-1, TK-2, and TK-3) were collected on the upper 
mountain slope of LT-1.

2.3 � Magnetic measurements

All samples were air dried and packed in 2 × 2 × 2 cm3 cubic 
boxes for magnetic measurement. Low- (χlf) and high- 
frequency susceptibilities (χhf) were measured using a Kap-
pabridge MFK1-FA and normalized by sample mass (Liu 
et al. 2017; Shen et al. 2020; Szczepaniak-Wnuk et al. 2020; 
Li et al. 2021). The χlf was also measured for the three iron 
ore samples. Low-frequency susceptibilities (χlf) is an indi-
cator of the total magnetic mineral concentration, including 
low-coercivity magnetic/ferrimagnetic minerals (e.g., mag- 
netite, maghemite), high-coercivity magnetic/anti- 
ferromagnetic minerals (e.g., hematite, goethite), with different  
magnetic domains (superparamagnetic (SP) domain, single 
domain (SD), “pseudo-single domain”, and multidomain). 
The formula χfd(%) = 100 × (χlf − χhf)/χlf was applied to cal-
culate the parameter χfd(%) (Oldfield et al. 1983), which was 
used to express the contribution of ultrafine-grained particles 
(e.g., SP to SD particles) to the total χlf.

Then, after applying the corresponding magnetic field, 
the anhysteretic remanence (ARM), saturated isothermal 
remanence (SIRM = IRM2000 mT), and the isothermal rema-
nence (IRM-100 mT, IRM-300 mT) were measured successively 
by using a JR-6 magnetometer. Saturated isothermal rema-
nence magnetization (SIRM) represents concentration of 
remanence-carrying magnetic minerals, but has no rela-
tion with the SP grains. S-100 =  −IRM-100 mT/SIRM and S-
300 =  −IRM-300 mT/SIRM were used to calculate S-100 and 
S-300. The larger the parameters are, the higher the relative 
content of magnetic minerals with low coercivity (such as 
magnetite). The HIRM, calculation formula HIRM = (IRM-
300 mT + SIRM)/2, was used to reflect the content of high-
coercivity magnetic minerals (such as hematite and goethite) 
(Bloemendal et al. 1988). χARM was obtained from the ratio 
of ARM to the direct current (DC) magnetic field, and is 
sensitive to the single domain (SD) particles (relatively fine 
particles). Therefore, χARM/χlf can be used to reflect the 
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size of magnetic particles. The larger value corresponds to 
a fine particle size.

In order to understand the hysteresis characteristics 
of samples, the LakeShore 8604 vibrating sample mag-
netometer (VSM) was used to measure the hysteresis 
loop, isothermal remanence (IRM) acquisition curve, and 
reverse demagnetization curve for all sediment samples, 
and the TK-1 and TK-2. According to the hysteresis loops 
and IRM acquisition curves, three types were discovered, 
and three samples (LT-1, BY-2, and TP-2) from the three 
types was selected for the first-order reversed curve 
(FORC) test. The FORC diagram is useful in describing 
the hysteresis characteristics and identifying the origin 
of magnetic minerals (Roberts et al. 2000, 2018). The 

measured methods were described by Li et al. (2021). 
All the magnetic measurements were conducted in the 
Laboratory of Environmental Magnetism of South China 
Normal University.

2.4 � Observations of magnetic minerals

Magnets were used to extract the magnetic particles from 
the samples of LT-1, WQ, and SG-1. Then, a scanning elec-
tron microscope (SEM) was used to observe the micromor-
phology of particles, and an energy dispersive spectrometer 
(EDS) was used to analyze their elemental composition. The 
sample extraction and testing procedure followed the meth-
ods of Li et al. (2021).

Fig. 2   Spatial variations of 
clay, silt, sand, and the median 
particle size
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2.5 � Particle size measurements

Each sample of less than 1 g was placed into a 50-mL 
beaker, and approximately 10 mL of 1 mol/L dilute hydro-
chloric acid (HCl) was added. Each beaker was placed in a 
water bath (80 ℃) for 2 h to ensure that the sample reacted 
sufficiently with HCl to remove any carbonates present. 
Then, about 5 mL of 30% hydrogen peroxide (H2O2) was 
added. The solution was heated for 2 h to remove sediment-
associated organic matter and disperse soil aggregates. After 
the reaction was completed when there were no bubbles, the 
solution was repeatedly washed using deionized water until 
a neutral pH was reached. Before the sample test, 10 mL 
of 0.5 mol/L sodium hexametaphosphate was added, and 
then the solution was placed in an ultrasonic vibrator for 
10 min. Each sample was measured three times with a laser 
particle size analyzer Malvern 3000, and the average values 
of median particle grain size (Md), sand, silt, and clay were 
taken as the final test result.

2.6 � Geochemical measurements

After each sample was dried at room temperature, it was 
ground to pass a 200-mesh sieve (74 μm). Elements, includ-
ing Al, Fe, K, Mg, Ca, Na, Si, Ba, Ca, Ni, P, Pb, Sn, S, Sr, Ti, 
V, Zr, As, Cl, Co, Cr, Cu, Bi, Mo, Sb, and W, were tested by 
an X-ray fluorescence (XRF) spectrometer. After the samples 
were dried at 105 °C, each sample was accurately weighed, 
and placed in a platinum crucible. The mixed flux of lithium 
tetraborate–lithium metaborate–lithium nitrate was added to 
confirm that the sample and the flux were completely mixed. 
The high-precision melting sample machine was then applied 
to melt the sample at 1050 °C. After that, the molten slurry 
was poured into a platinum mold to form a frit after cooling. 
The fused piece was checked to confirm the quality (if the 
fused piece was unqualified, the sample must be reweighed 
and melted), and then the main quantity was measured with 
an XRF spectrometer. To ensure the accuracy of the test, a 
relatively large platinum mold was used. Meanwhile, another 
dried sample was accurately weighed and burned in an aero-
bic muffle furnace at 1000 °C, and then accurately weighed 
after cooling. The weight difference before and after combus-
tion was the loss on ignition (LOI).

In order to estimate the degree of sediment weathering, 
two most commonly used chemical weathering parameters, 
including chemical index of alteration [CIA = 100 (A12O3/
(A12O3 + (CaO − 3.33P2O5 + Na2O + K2O))] (Nesbitt and 
Young 1982) and weathering index [WIP = 100 ((CaO − 
3.33∙P2O5)/0.7 + 2Na2O/0.35 + 2K2O/0.25 + MgO/0.9)] 
(Parker 1970), were calculated using molecular proportions 
of mobile alkali and alkaline earth metals corrected for Ca 
in apatite (Garzanti et al. 2013).

3 � Results

3.1 � Particle size features

The studied samples are composed of sand, clayey silt, and 
silty sand (Shepard 1954). The average sand content in the 
upstream (LT-1 to WQ), downtown (CHB to SG-3), and 
downstream (SG-2 to BY-2) samples are 37.45%, 29.76%, 
and 38.89%, respectively (Fig. 2). The average silt contents 
of the upstream, downtown, and downstream samples are 
47.57%, 50.75%, and 45.40%, respectively. The average 
clay content in the upstream, downtown, and downstream 
samples are 14.97%, 19.48%, and 15.71%, respectively. 
In general, silty sediments account for most of the total 
content, and the contents of the sand and clay are variable.

The median particle size (Md) of all samples ranges 
from 6 to 318 μm, indicating a wide range of particle size. 
Notably, the Md of sites locating in downstream of the 
barrage (WQZ-3, CHB, JK-1, SG-2, and TP-3) is coarser 
than other sites nearby (Fig. 2). Except for the abnormally 
high values (193–318 μm) for Sites JK-1, SG-2, TP-1, and 
TP-3 in the lower reach, the Md tends to be roughly finer 
downstream.

3.2 � Magnetic properties

3.2.1 � Spatial distributions of magnetic parameters

In terms of magnetic concentrations, the site LT-1 contains 
the highest magnetic contents due to the highest values of 
χlf (8610 × 10−8 m3·kg−1), SIRM (822 × 10−3 Am2·kg−1), 
HIRM (36,941 × 10−6 Am2·kg−1), and χARM (5713 × 10−8 
m3·kg−1) (Fig. 3a–d). These values are tens to hundreds 
of times higher than the average values of other sediment 
samples. In contrast, the three iron ore samples have the 
χlf values of 21,342–38,845 × 10−8 m3·kg−1, which are 
2.5–4.5 times of the LT-1. The average values of χlf in 
the upstream (except LT-1), downtown, and downstream 
samples are 41.76 × 10−8 m3·kg−1, 42.38 × 10−8 m3·kg−1, 
and 22.37 × 10−8 m3·kg−1, respectively (Fig. 3a). The aver-
age values of SIRM in the upstream (except LT-1), down-
town, and downstream samples are 4.03 × 10−3 Am2·kg−1, 
4.13 × 10−3 Am2·kg−1, and 1.92 × 10−3 Am2·kg−1, respec-
tively (Fig. 3b). The HIRM average in the upstream (except 
LT-1), downtown, and downstream samples are 323 × 10−6 
Am2·kg−1, 288 × 10−6 Am2·kg−1, and 233 × 10−6 Am2·kg−1, 
respectively, indicating that the high-coercivity magnetic 
minerals (e.g., hematite and goethite) gradually decrease 
from the upstream to the downstream of the Liuxi River 
(Fig.  3c). The average χARM in the upstream, down-
town, and downstream samples are 64.01 × 10−8 m3·kg−1, 
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83.58 × 10−8 m3·kg−1, and 66.14 × 10−8 m3·kg−1, respec-
tively. Overall, the magnetic concentrations show a decline 
tendency in the downstream, owing to the spatial distribu-
tions of χlf, SIRM, and HIRM (Fig. 3a–c), while χARM 
shows a more discrete than previous parameters (Fig. 3d). 
In addition, the χlf values at Sites CHB, JK-3, and SG-2 
increase compared with the previous site, indicating that 
the magnetic concentrations increase after flowing through 
the barrage (Fig. 3a). Except for the values of LT-1, the 
mean values of χlf and SIRM of all samples increase in 
the downtown, and the coefficient of variance (CV) all 
exceed 20% in the entire river, indicating that the magnetic 
contents in the downtown increase due to highly variable 
distribution in the Liuxi River.

Regarding the magnetic grain size, LT-1 has the coarsest 
magnetic minerals without significant quantities of fine SP 
grains, which is derived from the lowest χARM/χlf (0.66) 
and χfd (−0.35%). Apart from LT-1, the χfd average in the 
upstream, downtown, and downstream samples are 3.06%, 
2.43%, and 4.34%, respectively, which means the contribu-
tions of SP and stable SD particles to the magnetic sus-
ceptibility increased in the downstream of the Liuxi River 
(Fig. 3e). Therefore, based on the highest χARM, the fine SD 
magnetic grains in the downtown are relatively abundant 
compared with the upstream and downstream. The χARM/
χlf average increases from 1.76 upstream to 2.87 down-
stream, indicating that the refining of magnetic minerals 
from upstream to downstream (Fig. 3f). Obviously, the mag-
netic mineralogy of sites located downstream of the barrage 
(WQZ-3, JK-3, SG-2, and TP-3) is coarser than other sites 

nearby due to their relatively low χARM/χlf. It is also worth 
noting that the CV of the parameters (χfd, χARM, χARM/χlf) 
for evaluating the magnetic particle size is all greater than 
30% in the Liuxi River.

The average values of S-300 in the upstream (including 
LT-1), downtown, and downstream samples are 0.83, 0.86, 
and 0.76, respectively. The sediments in the river down-
stream have the relatively low values of S-100 and S-300, 
although the values of the entire river system are variable 
(Fig. 3g). Deduced from the S-300 > 0.7 in all samples, it 
could infer that the Liuxi River samples, especially in the 
downtown, are dominated by ferrimagnetic minerals with 
partial interfusion of high-coercivity magnetic minerals 
(e.g., hematite and goethite) (Fig. 3g).

3.2.2 � Hysteresis characteristics of magnetic minerals

The hysteresis loops of all samples can be divided into three 
categories (Fig. 4a–e). The hysteresis loop of LT-1 after 
paramagnetic slope correction overlaps with the original 
hysteresis loop, and the magnetization reaches saturation at 
about 100 mT (Fig. 4a). This feature is consistent with the 
iron ore samples, TK-1 and TK-2 (Fig. 4b, c). The other two 
types are similar, while the saturation magnetization fields 
are different (Fig. 4d, e). The saturation magnetization field 
of most samples, such as the WQ (Fig. 1d), is below 800 mT, 
and the coercivity (Bc) is less than 100 mT. Different with 
those samples, the magnetization of TP-2 does not reach 
saturation when the magnetic field intensity reaches 800 mT 
(Fig. 4e). The IRM of TP-2 reaches 80% of the saturation 

Fig. 3   Spatial distributions of a χlf, b SIRM, c HIRM, d χARM, e χfd, f χARM/χlf and median particle size, g S-300 and S-100, h CIA, and i 
TFe2O3
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value at about 750 mT, while the remanence coercivity (Bcr) 
is about 107 mT (Fig. 4f). In contrast, other samples reach 
80% of the IRM saturation value at about 100 ~ 230 mT, and 
the Bcr is concentrated at 30 ~ 50 mT (Fig. 4f). All samples 
are plotted in the area close to (titano) magnetite, with a 
hardness trend due to the addition of the “hard” magnetic 
component (e.g., hematite and goethite) (Fig. 4g) (Peters and 
Thompson 1998). Therefore, the iron oxides/hydroxides are 
dominant in the magnetic minerals.

The FORC diagram is quite sensitive in identifying the 
state of magnetic domains (Pike et al. 1999; Roberts et al. 
2000, 2015). All the contour lines of three measured sam-
ples have large vertical distributions at Bc = 0. The vertical 
distribution of LT-1 is greater than 30 mT and relatively 
flat (Fig. 4h). However, the vertical distribution of TP-2 is 
steeper with a range of about 10 mT due to its narrow hori-
zontal distribution, suggesting a low coercive force distri-
bution is lower (Fig. 4j). Generally, the detrital magnetites 
could be identified by the FORC diagrams, because most 
of them are MD and “pseudo-single domain” (“PSD”, or 
“vortex”) that could be characterized by the maximum val-
ues at Bc < 20 mT, and a large vertical distribution at Bc = 0 
(Roberts et al. 2018). In contrast, the FORC diagram of 
bacterial magnetosomes has a typical weak magnetic inter-
action SD particle behavior, and its distribution is horizon-
tally extended. Obviously, the lack of this type of FORC 
diagram could determine that magnetite mineral is produced 
from debris in all samples, instead of magnetotactic bacteria 
(Roberts et al. 2018).

In summary, it can be roughly inferred that most of the 
samples were dominated by the detrital magnetite and a 

small amount of high-coercivity minerals (e.g., hematite). 
The MD ferrimagnetic minerals predominate the LT-1 sam-
ple without paramagnetic and SP particles.

3.2.3 � SEM and EDS results

It can be observed from the SEM images that most magnetic 
particles of the LT-1 have obvious edges and corners with 
a large particle size (about 40 μm) accompanied by cracks. 
Meanwhile, the EDS results of two sites indicate that the 
count of Fe in magnetic particles is extremely high, while 
the count of Al is very low (Fig. 5a). The SG-1 located in the 
lower reach of the river contains magnetic spherules with a 
diameter of 10 μm, and metal elements of Mg, Ti, Zn, K, and 
Cr are detected (Fig. 5b). In addition, particles with layers 
and corners exist in SG-1 (Fig. 5b). The spherical magnetic 
particles with large enrichment of Fe and angular particles 
with sharp or round ridges are found in the CHB located in 
the downtown (Fig. 5c). The composition of CHB particles 
seems to be similar with SG-1; however, the particle size 
of CHB (about 25 μm) is larger than that of SG-1 (Fig. 5c).

3.3 � Elemental geochemistry

Different from other samples, Fe2O3 content of LT-1 reaches 
up to 36.21%, about 11.42 times higher than the Fe2O3 
average for other samples, even reaching the grade of lean 
ore (Luo 2005). The LT-1 contains the highest contents of 
some of the main elements, including Fe2O3, MnO, CaO, 
and the metals, including NiO, PbO, SnO2, V2O5, ZnO, 
As2O3, CoO, Cr2O3, CuO, Bi, Mo, and W (Table 1). For the 

Fig. 4   Hysteresis loops of a LT-1, b TK-1, c TK-2, d WQ, and e 
TP-2. Red and blue curves are normalized to the Ms values at 1  T 
before and after paramagnetic slope correction (corrected from 
the slope above 70% of the maximum applied field where the mag-

netization is saturated), respectively. f IRM acquisition curves and 
back-field curves for all samples, g SIRM/χlf vs. Bcr plot (Peters and 
Thompson 1998). FORC diagrams of h LT-1, i BY-2, and j TP-2
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other samples, most of metal elements cannot be accurately 
detected by the XRF method due to their low contents in the 
samples. Besides, the LT-1 contains the lowest contents of 
Al2O3, K2O, Na2O, and SiO2. Except for LT-1, the content of 
Fe2O3 average reduces from 3.59% in the upstream to 2.49% 
in the downstream (Fig. 3i). The average values of CIA in 
the upstream (including LT-1), downtown, and downstream 
samples are 88.36, 89.71, and 88.71, respectively, suggest-
ing a slight difference in the degree of chemical weathering 
throughout the river (Fig. 3h). The sites located downstream 
of the barrage (WQZ-3, JK-3, SG-2, and TP-3) have lower 
degree of chemical weathering, which is inferred from its 
relatively low CIA (Fig. 3h).

Compared with the standard of Upper Continental Crust 
(UCC), the results show the enrichment of SiO2 and K2O, 
as well as the loss of Na2O, CaO, MgO, and Fe2O3 (Taylor 

and Mclennan 1985) (Fig. 6). In addition, the total content 
of Al2O3, TiO2, MnO, and P2O5 are close to UCC, and those 
of Al2O3 and TiO2 greatly vary at different sites. The Fe2O3/
UCC of LT-1 reaches 7, indicating that the magneto tactic 
Fe2O3 content in LT-1 is extremely high. The almost-lowest 
content of SiO2 and the highest MnO at LT-1 also confirm 
the previous results.

4 � Discussion

4.1 � Reasons for the extremely high magnetic
content in LT‑1

The magnetic minerals of the sample LT-1 are mainly MD 
magnetite without SP particles, and the content of magnetic 

Fig. 5   SEM and EDS results for a LT-1, b SG-1, and c CHB
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minerals is extremely high. Strangely, LT-1 does not contain 
any paramagnetic components which normally present in 
silicate minerals (e.g., feldspar and clay minerals) (Zhang 
et al. 2018). For river sediments, the silicate minerals are 
derived from the parent rocks or produced during the chemi-
cal weathering. It can be deduced that the silicate minerals 
are not included in the parent rocks of LT-1, and the sample 
has experienced relatively weak chemical weathering com-
pared with other samples.

The anomalism of LT-1 could be interpreted by the pos-
sibility of mixing with the volcanic ash. The χlf value of 
LT-1 is close to the volcanic ash embedded in a basalt soil 
profile in Hainan Island, southern China (Liu et al. 2017). 
However, volcanic ash usually contains abundant SP parti-
cles (Liu et al. 2017; Shen et al. 2020). Moreover, there is 
no document recording the presence of volcanic eruptions 
nearby; thus, the possibility could be excluded.

Another possibility is that the sample comes from indus-
trial magnetic materials, which do not contain paramagnetic 
components. The technogenic magnetic particles produced 
by modern industrial activities such as coal combustion 
could increase the magnetic concentration (Horng et al. 
2009; Lu et al. 2016). However, the observed magnetic 
particles of LT-1 are all detrital magnetic minerals charac-
terized by cubic and subangular shapes (Fig. 5a). LT-1 is 
located close to a mountain and a small village without any 
factories. Thus, the magnetic minerals in LT-1 are unlikely 
coming from industrial activities.

Historical mining in history could be responsible for the 
highest magnetic content of LT-1. During the Ming and Qing 
Dynasties (over the past ~ 600–100 years), the mining and 
smelting of iron ore in Lutian prevailed and flourished, and 
the mined ore was transported to the Pearl River through  
the Liuxi River (Li 1979; Luo 2005). The mining sites docu-
mented by the local chorography (Fangzhi) are close to LT-1 
with 3–10 km (Fig. 7a–b), although all of the local knowl-
edge for 100 mining sites has not been determined so far 

(Luo 2005). During our recent field trip, extensive iron ore 
and slag were found widespread on the road along the moun-
tain river, upstream of the site LT-1 (Fig. 7c–d). The remains 
of ancient iron ore/slag could be transported into the river 
(Fig. 7b). It can be inferred that the magnetite in this sample 
comes from the direct denudation of rocks by ancient min-
ing activities. According to the regional geological data, the 
iron ore is a product of skarnization and contains associated 
metals such as Bi and W (Luo 2005). Therefore, the contents 
of metal elements are also relatively high in the LT-1. The 
LT-1 magnetic particles have notably sharp edges and cracks 
(Fig. 5), which are produced during the rapid denudation 
of minerals. Only one site with high content of metals was 
found in this study. In the future, it is necessary to strengthen 
the researches on the impact of ancient iron ore mining and 
its associated metals on the modern environment risks.

4.2 � Influences of parent rocks on the river sediment
magnetism

In general, there are significant differences in the sediment 
magnetism in different parent rock areas. The upstream 
shows that the content of magnetic minerals along the river 
is relatively high, especially between HSK to WQZ-3. The 
upstream mainly flows through the area covered by the Late 
Jurassic granite (Fig. 1b). According to the regional geol-
ogy, the granite is characterized by high content of heavy 
minerals, in particular, magnetite which accounts for 0.12% 
of the total weight of the granite. The accessory minerals 
of the granite contain above 63% of magnetite (Guangdong 
Geological Survey 2000). The middle and lower reaches of 
the Liuxi River are dominated by Devonian to Quaternary 
sedimentary rocks, primarily calcareous mudstone, calcare-
ous shale, and siltstone. All these rocks always contain low 
content of magnetic minerals. Therefore, due to the lithol-
ogy of the parent rock, there is a difference in the magnetic 
mineral concentration (χlf) between the upper reach and the 
middle to lower reaches.

4.3 � Influences of chemical weathering processes
on the river sediment magnetism

The CIA value shows that most samples have experienced 
moderate- to high-intensity chemical weathering (Fig. 3; 
Table 1). With the exception of LT-1, the reversed cor-
relation between Al2O3 and SiO2 for all samples indicates 
the influences of particle size and the quartz addition 
(Fig. 8a). Generally, samples below the regression line 
(Al2O3 =  −0.45 SiO2 + 45) contain Fe-rich sediments, 
derived from the basalts and metabasalts (Garzanti et al. 
2019). The slag of iron ore within LT-1 could be respon-
sible for the distribution of LT-1 in the Al2O3 vs SiO2 
plot (Fig. 8a). In general, the WIP and CIA respond very 

Fig. 6   UCC-normalized major elements for all the measured samples
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differently to the sediment recovery, and thus, their rela-
tionship can be applied to identify the addition of quartz 
associated with the recovery (Garzanti et al. 2013). The 
samples SG-2, JK-2, TP-2, and TP-3 deviate from the 
CIA–WIP correlation line (Fig. 8b), and the weathering 
lines in the SiO2 and Al2O3 vs alkali metals (Fig. 8c–d), 
which implies the existence of recycled fragments from 
source rocks for four samples (Guo et  al. 2018). The 
phenomenon has been observed in the sand sediments 
of southern China rivers (He et al. 2020). Notably, these 
found samples were all retrieved in the downtown and the 
downstream of the river and close to the barrages (Fig. 1). 
The construction of barrages may lead to the erosion of 
soils and the mix of foreign materials, which has promoted 
the recycling of materials.

There is no correlation between magnetic parameters and 
CIA though the entire river system (Fig. 3). Interestingly, the 
parameters related to the high-coercivity magnetic miner-
als, including HIRM and S-300, show correlations with the 
CIA for the samples SG-2, JK-3, TP-2, and TP-3 (Fig. 8e). 
Different with most samples that have undergone long-term 
and stable in situ chemical weathering, the recovered mate-
rials came from the recycled quartz and the surface’s fresh 
soils for the four samples (Fig. 8b), which was being rap-
idly eroded by the infrastructure activities. For example, the 
Conghua Bridge project across the Liuxi River in Jiekou 

Street of the downtown has been passively constructed since 
December 2015 (Ning et al. 2016).

As compared with other samples, the sample TP-2 is an 
extreme case, which contains a high relatively content of 
high-coercivity minerals (Fig. 4d) and SP particles (Fig. 3e) 
that derived from fresh soils. During the chemical weath-
ering processes of the surface soils under relatively warm 
climate, the magnetite and maghemite can be oxidized to 
hematite and goethite (Jiang et al. 2018; Hu et al. 2020), 
resulting in higher CIA and HIRM, and lower S-300 val-
ues. The rapid burial of fresh soils, carrying the recycled 
sediments, resulted in the preservation of the correlations 
of CIA vs. HIRM and CIA vs. S-300, while other samples 
were affected by other more factors. Magnetic parameters 
could be applied to identify the recycling of source materi-
als, because the HIRM is positively correlated with χARM/
χlf, and negatively correlated with S-300 (Fig. 8f). Only four 
samples located around the bridges were used in this work, 
and more samples and models would be conducted to verify 
the hypothesis in the future research.

4.4 � Influences of hydrodynamic sorting on the river
sediment magnetism

The tendency of magnetic mineral assemblage to get 
finer in a downstream direction (Fig. 3f) may result from 

Fig. 7   a Locations of LT-1 and the documented mining sites in history. b Landscape of the mountain river between the mining site and the LT-1. 
The widespread c iron ore and d slag along the roadside
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hydrodynamic sorting, because coarse-grained ferrimagnetic 
minerals are preferentially deposited upstream and more 
fine-grained particles are transported downstream (Nguyen 
et  al. 2016; Li et  al. 2017; Mzuza et  al. 2017). In the 
upstream Liuxi River (excluding LT-1), χlf, χARM, SIRM, 
and HIRM have positive correlation with the coarse silt 
(32–63 μm fraction) (Fig. 9). This phenomenon is consistent 
with the results of Li et al. (2017), in which the 32–63 μm 
fraction was reported as the main carrier of magnetic par-
ticles in the Oujiang River, South China. This implies that 
the coarse silt is a relatively stable magnetic carrier in south 
China rivers. However, the contents of magnetic particles in 
the middle and down reaches have no relation with particle 
sizes, probably because the magnetic particles are controlled 
by other influencing factors (e.g., human activity and surface 
runoff from the local catchment) instead of the hydrody-
namic sorting.

The sediment magnetic minerals in the river basin are 
also affected by the barrages in the Liuxi River since the 
grain size of magnetic minerals becomes coarser, and mag-
netic concentration becomes higher after flowing through 
the barrages (Fig. 3). Generally, the barrage blocks the 

Fig. 8   a–d Discriminating 
the control of weathering, 
recycling, and particle size 
on the chemical composition 
of the Liuxi River sediments 
(diagrams after Garzanti et al. 
(2019)). Scatter plots of e 
HIRM and S-300 vs. CIA, and 
f χARM and S-300 vs. HIRM. 
The Upper Continental Crust 
standard (UCC) data are from 
Taylor and Mclennan (1985). 
The empirical lines in (a–d) are 
from Garzantiet al. (2019)

Fig. 9   Scatter plots between a χlf, b χARM, c SIRM, and d HIRM and 
the content of 32–63 μm in the upstream of the Liuxi River
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suspended load from upstream, and thus, most of the sus-
pended load was deposited at the barrage front with the 
reduction of water velocity (Rákóczi 2010). Downstream 
of the barrages, more recently eroded materials could be 
supplied to the river channel, leading to the coarsening of 
magnetic particles.

4.5 � The influences of industrial and resident
activities on the river sediment magnetism

The magnetic spherical particles (or so-called technologic 
magnetic particles) were found in the downtown and down-
stream reaches of the Liuxi River. One of the final products 
during coal combustion and other high-temperature burning 
processes in the blast furnaces is the magnetite-like phase, 
which appears as single spherule-like grain (McLennan et al. 
2000; Sokol et al. 2002; Jordanova et al. 2004; Yang et al. 
2007; Lu et al. 2016). There is an industrial park located in 
the downtown of the river (Jiekou), which is concentrated 
in the industries of machinery and equipment manufactur-
ing, home appliances manufacturing, medicine/cosmetics, 

building materials, etc.. Hence, the emissions from the 
industrial combustion may lead to the emergence of techno-
logic magnetic particles.

The increase in magnetic contents in the main urban area 
(JK-6, JK-1, and LK) (Fig. 3a) may be a response to the 
residents’ activities. Similar phenomena have been found 
in other urban areas, indicating that human activities have a 
consistent impact on the increased magnetism (Szczepaniak-
Wnuk et al. 2020). Although the intensities of human activ-
ity are not as strong as that of industrial cities, sediment 
magnetism in the studied river flowing through small down-
town can also provide a significant response to the residents’ 
activities (Zhang et al. 2011). Previous studies suggested 
that the magnetic method could be applied to quickly deline-
ate potentially high environmental risk areas in catchments 
(Chaparro et al. 2011; Szczepaniak-Wnuk et al. 2020). How-
ever, for small mountain rivers with low-level pollution such 
as the Liuxi River, it is difficult to characterize the impact 
of human activities through the increase of magnetic con-
centration owing to many factors that affect the magnetism 
of sediments.

Fig. 10   Model for magnetic variability in the Liuxi River sediments
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5 � Summary and conclusion

In this work, the sediment magnetic properties in the Liuxi River 
of subtropical China were found to be affected by several factors:

1.	 In the upper reach, magnetic susceptibility of the LT-1 
is more than 100 times that of other samples. The abnor-
mally high magnetic content is due to the iron ore min-
ing and smelting activities in the area over the past hun-
dreds of years, because the site is located in an outcrop 
of sedimentary rocks with skarnization. The ancient 
mining activities still affect the modern river sediment 
through slag and related metal elements.

2.	 Magnetic minerals in upstream are mainly character-
ized as the weakly weathered coarse-grained particles 
produced by granite denudation, while the magnetic 
minerals downstream come from the sedimentary rocks 
imported by human activity. The contributions of SP 
particles and high-coercivity minerals (e.g., hematite) 
has increased, and there are technogenic magnetic par-
ticles present in the downtown and downstream of the 
Liuxi River, indicating the anthropogenic influence.

3.	 Due to hydrodynamic sorting, the magnetic concentra-
tion in the downstream of the Liuxi River has decreased, 
and the magnetic grain size has become finer. After the 
river passes through the barrages, the magnetic minerals 
become coarser due to the hydrodynamic changes.

4.	 Chemical weathering process only plays a key role in sedi-
ment magnetism in the regions close to barrages, which 
may be due to the coupling process of chemical weathering 
and magnetic mineral oxidation in the freshly eroded soils.

A model concerning the influences of parent rocks, 
chemical weathering, hydrodynamic sorting, and indus-
trial and resident activities was proposed in Fig.  10. 
Although the model cannot cover all the change patterns 
of the magnetic properties in complex rivers, it is helpful 
to understand the driving factors of the magnetic variabil-
ity of small mountain rivers. This study emphasizes the 
strong variability of sediment magnetism in the small river 
watershed, and more researches are required to deepen 
the understanding of the sediment magnetic properties in 
small mountain rivers.
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