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Catherine Kissel, Zhifei Liu2, Jinhua Li3, and Camille Wandres’

'Laboratoire des Sciences du Climat et de I'Environnement/IPSL, CEA-CNRS-UVSQ, Université Paris-Saclay, Gif-sur-Yvette
Cédex, France, *State Key Laboratory of Marine Geology, Tongji University, Shanghai, China, *Key Laboratory of Earth and
Planetary Physics, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China

Abstract The use of the marine sedimentary magnetic properties, as tracers for changes in precipitation
rate and in oceanic water masses transport and exchanges, implies to identify and to characterize the different
sources of the detrital fraction. This is of particular importance in closed and/or marginal seas such as the
South China Sea. We report on the magnetic properties of sedimentary samples collected in three main Asian
rivers draining into the South China Sea: the Pearl, Red, and Mekong Rivers. The geological formations as well
as the present climatic conditions are different from one catchment to another. The entire set of performed
magnetic analyses (low-field magnetic susceptibility, ARM acquisition and decay, IRM acquisition and decay,
back-field acquisition, thermal demagnetization of three-axes IRM, hysteresis parameters, FORC diagrams, and
low-temperature magnetic measurements) allow us to identify the magnetic mineralogy and the grain-size
distribution when magnetite is dominant. Some degree of variability is observed in each basin, illustrating
different parent rocks and degree of weathering. On average it appears that the Pearl River is rich in magne-
tite along the main stream while the Mekong River is rich in hematite. The Red River is a mixture of the two.
Compared to clay mineral assemblages and major element contents previously determined on the same
samples, these new findings indicate that the magnetic fraction brings complementary information of great
interest for environmental reconstructions based on marine sediments from the South China Sea.

1. Introduction

Over the last decades, environmental magnetic studies have been developed in marine and continental
realms along with the progresses in the laboratory techniques. Magnetic minerals are ubiquitous and they are
potential proxies for paleoclimatic and paleoceanographic reconstructions, for understanding sediment trans-
port processes and characterizing anthropogenic pollution [Evans and Heller, 2003]. For example, combined
with other detrital tracers (granulometry, clay mineralogy), magnetic properties, which can be measured rap-
idly, economically and nondestructively, allowed to reconstruct past changes in deep oceanic circulation
[Kissel et al., 1999, 2009, 2013; Mazaud et al., 2007]. These studies were conducted in large, open oceans where
the source of magnetic minerals is unique and well identified. In other smaller oceanic basins, surrounded by
various terrestrial environments, such as the South China Sea (SCS), the first step is to precisely characterize
the composition of the terrigenous sediment delivered at sea by the neighboring continental regions.

The climate of Southeast Asia is largely dominated by the monsoon regime, an extremely important and
sensitive component of the climatic system, resulting from seasonal differences in the atmospheric pressure
and temperature gradients between ocean and land. The Indo-Asian monsoon is divided into a warm and
wet summer monsoon and a cold and dry winter monsoon [An et al., 2015 and references therein]. In
summer, SE winds carry moist air from the Indian Ocean to East Asia. The timing, the length, and the inten-
sity of the rainy season is variable from south to north in this large area extending in latitude from about
5°S to about 25°N [Wang et al., 2004 and references therein]. The amount and the composition of the terrig-
enous fraction may therefore change on the regional scale not only because the eroded/weathered parent
rocks differ in composition but also because of the variety of climatic conditions.

The East-Asian fluvial system draining into the SCS is among the most active ones in the world in terms of
detrital discharge with the highest denudation rates [Summerfield and Hulton, 1994; Milliman and Farns-
worth, 2011]. The three main active rivers collecting the continental waters and supplying an enormous
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Figure 1. Schematic maps of the three rivers showing the location of the studied sites. (a) Pearl River; (b) Red River; and (c) Mekong River. The three catchments are localized in the small

general map in the left top corner.

amount of sediment to the SCS are the Pearl River, the Red River, and the Mekong River [Liu and Stattegger,
2014; Liu et al., 2016, and references therein]. They have very large drainage areas over the Asian continent
and they end in the north, the center, and the south of the SCS, respectively. The detrital sediments they
transport are potential tracers of the environmental/climatic conditions affecting the continent and, after
they are delivered to the sea, of the oceanic circulation at different depths. Any reconstruction of (paleo)en-
vironmental/(paleo)oceanographic changes in this area first requires a precise characterization of the com-
position of the terrigenous sediment transported by each of these fluvial systems (Figure 1).

Analyses of different proxies including magnetic ones have been conducted off the river deltas, in the SCS.
Recently, magnetic grain size of samples from the subaqueous delta of the Red River has been compared to
grain size of river samples [Nguyen et al., 2016]. Only one exhaustive study combining major and trace ele-
ments, clay mineralogy and assemblages, and Nd, Sr isotopes has been so far conducted in sediments
deposited along the streams and at the river mouths of the three rivers [Liu et al., 2007, 2016]. It has shown
a large variety of compositions interpreted in terms of differences in the relative contribution of erosion
and weathering [Liu et al., 2007, 2016]. Here we report on the study of the magnetic properties of the same
sediments collected in the three rivers. Indeed, magnetic mineralogy may yield complementary information
regarding the local and/or regional origin and nature of the transported detrital material.

2, River Settings

The Pearl River is an extensive fluvial system extending west-east in southern China (Figure 1a). It is the
third largest river in China with a delta located in the northern part of the SCS [Clark et al., 2004]. It is made
of the coalescence of the three watersheds of the west, north and east rivers. The western branch, Xijiang,
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is the longest one (2400 km) and it is the main contributor to the Pearl River delta. The other two main
branches (Beijang and Dongjiang) are considered as tributaries. At present, the climate in the Pearl River
catchment is characterized by a pronounced rainy season in May and June (~300 mm/month), decreasing
progressively in July, August, and September (~200-150 mm/month). The precipitation during this warm
(30°C = 10°C) summer season accounts for more than 70% of the annual amount [Wu et al., 2013]. The low-
est precipitation rates take place during the colder (15°C = 10°C) winter months, from November to January
(50 mm/month) [Liu et al., 2007 and references therein]. Most part of the annual detrital discharge occurs
during the rainy season and on the annual basis, the Pearl river transports about 350 X 10° m?® of fresh-
water and more than 100 millions of tons of sediments [Liu and Stattegger, 2014]. At sea, it gives rise to a
mud tongue to the west of its mouth located at about 23°N [Qin, 1963; Owen, 2005; Liu et al., 2014]. The
geology of the Pearl River catchment is dominated by Mesozoic and Paleozoic cratonic rocks. Limestones
constitute about 32% of the total catchment. They dominate in the western part of the basin while granites
and sedimentary rocks (shales, limestones, and sandstones) are present in the eastern part.

The Red River is very restricted along a NW-SE direction, channeled by an active strike-slip fault (called the
Red River fault) [Schoenbohm et al., 2006]. Consequently, it flows in a nearly straight line from the Yunnan
province (China) to Hanoi, established at the head point of its delta at about 20°N in northern Vietnam (Fig-
ure 1b). About 50 km NW of Hanoi, it receives waters from two main tributaries: the Lo River and the Da
river flowing southward and northward, respectively (Figure 1b). The delta is made of five branches with
the two southernmost ones being presently the main sediment contributors to the SCS [Duc et al., 2007].
The relatively warm and humid season occurs later in the year that in the region of the Pearl River
mouth. The rainfalls exceeding 10 cm/month start in May and the maximum (>30 cm/month) is reached in
August. The winter-dry months are November-March. The river transports about 130-140 millions of tons
of sediment/year [Milliman and Syvitski, 1992] from a drainage area largely dominated by Paleozoic to
Mesozoic sedimentary rocks. A few metamorphic and igneous formations are also present.

The third highly important fluvial system we studied is the Mekong River reaching the southern part of the
SCS at about 10°N in southern Vietnam (Figure 1¢). The catchment basin of the Mekong is very extended,
starting in the high eastern Tibetan plateau and crossing or bordering several countries through the Indo-
chinese peninsula down to its main alluvial plain in southern Vietnam. The river extends along a NNW-SSE
orientation and undergoes extreme seasonal variations in its flow. The upstream region of the river system
is the high eastern Tibetan plateau which undergoes much colder humid season than the delta plain where
temperatures are rather uniform all year long. This first part of the river path, down to Yunnan province is
narrow and steep, often aligned with the main continental strike-slip faults adjusting the Indian-Asian colli-
sion. This path induces a strong flow with active erosion and river incision. This upper basin of the Mekong
River contributes to about 20% of the water in the Mekong River and about 50% of the total sediment trans-
ported by the river which is about 166 X 10° tons/yr [Liu and Stattegger, 2014]. The geology of this upper
path of the Mekong River is dominated by Paleozoic-Mesozoic carbonates and low-grade metamorphic
rocks among which sandstones and shales, and continental red beds covering a Precambrian metamorphic
basement. From the southern Yunnan downstream, the river valley gets wider and the flow is slower. This
lower basin is mainly made of Quaternary and Cenozoic sandstones and mudstones with several Pliocene
to recent volcanic bodies along the left bank [Panagos et al., 2011]. The right bank of the lower Mekong is
fed by the main tributary Mun which in turn, receives the waters from the Chi river, both incising the Khorat
plateau in NE Thailand, covered by Jurassic and Cretaceous sandstones, siltstones, and clays [Ridd et al.,
2011]. The path of the Mekong River changed through geological times due to the uplift of the Tibetan pla-
teau. Since mid-Holocene, following the connection between the Mekong and Tonle Sap lake system from
Cambodia [Penny, 2006], very large amounts of sediments accumulated at the mouth of the river and the
delta prograded southeastward by 200 km [Nguyen et al., 2000].

Seasonal variations in water and sediment loads, geochemistry, sedimentology, and clay composition of the
suspended sediments or surface sediments from the estuaries or from the river banks of the three rivers
have been studied [Zhang and Wang, 2001; Zhou et al., 2004; Xia et al., 2004; Liu et al., 2007; Zhang et al.,
2008, 2012; Liu et al., 2014]. Clay mineralogy and major element content combined with Rb, Sr, Nd concen-
trations, and Sr-Nd isotopic data indicate that the Pearl River basin undergoes a much higher degree of
hydrolysis than the two other rivers, leading to a stronger chemical weathering intensity [Liu et al., 2007,
2016]. In the Red River and the Mekong River, in addition to the weathering process related to the monsoon
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climate, tectonic activity/uplift giving rise to strong river incision results in an intense physical erosion of
the bedrocks [Liu et al., 2007]. Liu et al. [2007, 2016] showed that, although the geology is variable in each
catchment, the clay fraction is rather uniform at the basin-scale. Also, because all the three region experi-
ence similar humid seasons (although variable in latitudes) the differences in clay mineralogical composi-
tion observed from one basin to another are attributed by these authors to variable chemical weathering
versus physical erosion intensities.

3. Samples and Methods

The sampling has been conducted both in the main streams and in the tributaries of the three rivers [Liu
et al, 2007, 2016]. About 2 kg of sediment were collected per site in a 1-2 cm thick layer either from river
beaches near the water-level or from the river bed at water depths lower than 1 m [Liu et al.,, 2007]. The
sampling sites were selected to avoid contamination from riverbank sediments and potential manmade
pollution. Fieldworks were carried out during the dry seasons (January—-March) so that the collected samples
illustrate fresh suspended sediments deposited during the previous humid season. The sediment was kept
at ~ 4°C.

The small fraction dedicated to the magnetic analyses was separated into different specimens for the differ-
ent laboratory analyses performed at LSCE (Gif-sur-Yvette, France) and IGG-CAS (Beijing, China) to character-
ize the magnetic mineralogy, grain size, and relative contributions of the different magnetic minerals to the
bulk magnetic signal of the collected sediments. The magnetic properties have been analyzed in 18 sam-
ples from the Pearl River system, 21 samples from the Red River, and 17 samples from the Mekong River
delta. The distribution of the samples along the three rivers, their tributaries, and their delta is given in
Figure 1.

Plastic cubes (2 X 2 X 2 cm) filled up with humid sediment were used for the low-field magnetic suscepti-
bility which was measured at two different frequencies (low: 0.465 kHz, high: 4.65 kHz) with an MS2B Bar-
tington sensor at LSCE. The measurements were made over a 10 s integration time. The measurements
were repeated 5-10 times for each sample and each frequency. The frequency dependence yy(%) has
been calculated using ysq (%) = (7r —7x¢) X 100/ y¢ where ¥ and ;¢ are the average values of the 5-10
data obtained at low and high frequencies, respectively.

An anhysteretic remanent magnetization (ARM) was imparted to the same cubes using a 50 uT DC field
superimposed to a 100 mT alternating field (AF). The susceptibility of ARM (yarm) Was calculated from this
value. This ARM was then stepwise demagnetized up to 80 mT using 10 successive steps (5, 10, 15, 20, 25,
30, 35, 40, 60, 80 mT) using an AGICO LDA-3A-demagnetizer. The magnetization decreased regularly
through the demagnetization allowing to calculate the median destructive field of ARM (MDFagy) and the
percentage of magnetization remaining after demagnetization at 80 mT with respect to the initial value
(ARMgo m7% = 100 X ARMgo n7/ARMg 7).

The isothermal remanent magnetization (IRM) was then stepwise acquired on the same cubes with six suc-
cessive steps up to 1 T using an Applied Physics pulse magnetizer. This IRM;1 was then stepwise AF demag-
netized using the same steps as for the ARM. In the same way as for ARM, MDFgy and IRMgy ;7% have
been calculated. The S-ratio was calculated after applying a 0.3T backfield to the IRM;1. We used the original
definition of the S-ratio = (—IRM_q 3 1/IRM; 1) [King and Channell, 1991].

The hysteresis loops were performed using an AGM (Micromag 2900) between +1 and —1 T on smaller dry
specimens weighting 4-6 mg. As these chips are small, multisamples analyses conducted on randomly
selected sites allowed us to check their representativeness. Saturation magnetization (M), remanent satura-
tion magnetization (M,,), and coercive force (H.) were determined after high field slope correction. The
remanent coercive force (H,,) was determined by applying increasing back-fields after saturation at 1 T. To
quantify the contribution of the different coercivity families to the total IRM, high-resolution IRM acquisition
curves (120-200 data points between 0 and 1 T in a log distribution of the field steps) were decomposed
into cumulative log Gaussian (CLG) curves [Robertson and France, 1994] using the software proposed by
Kruiver et al. [2001]. The different coercivity families are defined by their half saturation IRM (SIRM) field
(B1,2) and the percentage of their contribution to the total IRM.
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The first-order reversal curves (FORCs) were measured with a vibrating sample magnetometer (Princeton
Measurements Corporation VSM3900) according to the protocol described by Roberts et al. [2000] and Egli
et al. [2010]. A total of 100-450 FORCs were measured with a positive saturation field of 1.0-2.0 T, increasing
field steps (dH) of 1.7-0.5 mT, and an averaging time of 200-400 ms, depending on the magnetic mineral-
ogy and concentration. The FORC diagrams were calculated using the FORCinel version 2.05 software [Harrison
and Feinberg, 2008] with smoothing factor of 3 or 6 depending on the samples and FORC resolution.

In order to have access to the thermal behavior of the samples, we conducted high-temperature demagnet-
ization of three-axes IRM on at least two cubic specimens (8 cm?®) per river system, selected on the basis of
the previous measurements. The cubes were dried and fields of 1, 0.3, and 0.1 T were successively applied
to their three different axes using the Applied Physics pulse magnetizer. The samples were then demagne-
tized between room temperature and 700°C, using a zero-field PYROX furnace in which the temperature is
controlled by three independent heating cells, keeping the temperature gradient lower than 3-4°C at high
temperature over the interval in which the samples are placed.

All remanent magnetizations (IRM, ARM, three-axes IRM) were measured using a 2G-755R cryogenic magne-
tometer equipped with high-homogeneity pick-up coils and placed together with the zero-field furnace
within the pmetal shielded room at LSCE.

Low-temperature magnetic measurements were performed with a Quantum Design Magnetic Property
Measurement System (MPMS XP-5, sensitivity = 5.0 X 10~ '® Am?). Zero-field-cooled (ZFC) and field-cooled
(FC) curves were obtained by cooling samples from 300 to 10 K in zero field and in a 2.5 T field, respectively,
followed by imparting a SIRM in a 2.5 T field (hereafter termed as SIRM;ok »57), and then measuring the
remanence in zero field during warming to 300 K. Low-temperature cycling (LTC) of a SIRM acquired at a
2.5 T field at 300 K (hereafter termed SIRM3pok_>.57), was measured in zero field during a cooling-warming
cycling (300—10—300 K).

4, Results

4.1. Pearl River
The magnetic parameters are variable depending on the location of the sampling sites along the river and
along the tributaries (supporting information Table S1 and Figure 1).

The bulk magnetic parameters largely vary by a factor of 15 for yarm, 30 for y;r and 50 for IRM; 1 (supporting
information Table S1, Figures 2a-2c). This variability may be due to changes in concentration of magnetic
grains and also to changes in magnetic mineralogy and grain size. It is therefore important to determine
the nature of the magnetic minerals. The majority of the samples are characterized by high S-ratio (> 0.95;
Figure 2d), low Hc and Hcr (average around 13 and 38 mT, respectively, Figure 2e), low MDFagy and MDFgm
(average around 15 mT; Figure 2h), and low ARMgg 1% and IRMgg 1% (<2% and 7%, respectively; Figure
2g). They therefore contain a dominant part of low-coercivity magnetic grains. In the samples where S-ratio
is lower than 0.95, IRMgy 7%, MDFgym, Hc, and Hcr increase with decreasing S-ratio. MDFary and ARMgq
m1% slightly increase (Figure 2, supporting information Table S1). These samples therefore contain signifi-
cant amounts of higher coercivity fraction. Changes in the relative proportion of high/low-coercivity miner-
als is illustrated by the shape of the IRM acquisition curves (Figure 3a) and by hysteresis curves being
progressively more wasp-waisted when the S-ratio decreases (PR13 compared to PR18 in Figure 3c).

The IRM acquisition curves could be decomposed into four CLG curves. The first two have B;,, of about 2
and 7 mT, respectively, and represent less than 5% and between 5 and 19% of the total IRM, respectively.
The dominant fractions are those corresponding to B;,, between 25 and 55 mT (42 mT average) and B;,,
between 200 and 630 mT (average 545 mT) (labeled CLG#3 and CLG#4, respectively, in Figure 3b). The con-
tribution of CLG #3 and #4 are inversely correlated: CLG #3 decreases from ~84% to ~20% when CLG #4
increases from ~3% to ~75% (Figures 2f and 3b). The FORC diagrams confirm that the coercivity spectrum
change depending on the samples (e.g., PR13 compared to PR18, Figure 3d).

The thermal behavior of the two coercivity families have been examined by thermal demagnetization of
three-axes IRM of two samples: PR17 representing the samples in which low-coercivity fraction is dominant
and PR37 representing the samples in which high coercivity is significantly contributing to the magnetic sig-
nal (Figure 3e). It is typical for magnetite with a removal of all components between 550°C and 600°C. An
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Figure 2. Magnetic parameters obtained from the Pearl River organized from left
to right by decreasing S-ratio (d). IRM;7 (a) is the isothermal remanent magnetiza-
tion acquired at 1T, 7 (b) is the average value of the 5-10 measurements of the
low-field (low-frequency) magnetic susceptibility. yarm (C) is the susceptibility of

the anhysteretic remanent magnetization. Hcr and Hc (e) are the remanent coerci-

tive field and the coercitive field, respectively, CLG#3 and #4 (f) are the two main

components identified by decomposing the IRM acquisition curve into cumulative

log Gaussian curves. CLG#3 and #4 illustrate the contribution of low-coercivity
and high-coercivity components, respectively, to the IRM;1. ARMggo mt (%) and
IRMgo mt (%) () are the percentages of the remaining ARM and IRM intensities
after demagnetizing them to 80 mT. Finally, MDF agm and MDFgy (h) are the

median destructive field of ARM and IRM.

inflexion in the low-coercivity curves
around 300°C may also indicate some
small participation of sulphides. The
high-coercivity magnetic carrier, when
present, is hematite as indicated by
the complete removal of the mag-
netization between 650°C and 690°C
(PR37 in Figure 3e). The low-
temperature experiments confirm the
presence of magnetite with the Ver-
wey transition clearly visible (LTC
cycles, Figure 3f). Hematite is difficult
to identify at low temperature in par-
ticular when magnetite is dominant
but in the samples where hematite is
more abundant, the amplitude of the
intensity change at the Verwey transi-
tion is smaller than in the other sam-
ples (PR13 in Figure 3f).

When the hysteresis parameters ob-
tained only from samples containing
mainly magnetites (CLG #4 <10% and
S-ratio > 0.9) are plotted on a Day dia-
gram [Day et al.,, 1977], it appears that
this fraction is within the pseudo-
single domain range (Figure 3d). In
that coercivity family, the FORC dia-
grams also indicate the presence of
interacting single domains,
tently with relatively high y¢q reaching
8% (supporting information Table S1).

consis-

The magnetic signal of the samples
from the Pearl River is therefore mainly
carried by single domain and pseudo-
single domain magnetites with locally
some hematite contribution.

4.2, Red River

In the Red River, except for two sites
(RS41 and RS01), the three bulk param-
eters IRM1, i, and yarm, Varying by a
factor of 6, 4, and 5, respectively, are
more uniform than in the Pearl River
(Figures 4a—4c, supporting information
Table S1). This small variability does
not necessarily find its counterpart in
the other parameters reported in Fig-

ure 4. For example for the first three sites reported in Figure 4 (RS06, 11, 12), the bulk parameters vary by a
factor of 2-3 while the S-ratio uniformly exceeds 0.95. The samples therefore contain variable magnetic con-
centrations and also different types of magnetic minerals.

For all sites but RS41 and RS01, the S-ratio is distributed between 0.96 and 0.83 (Figure 4d, supporting infor-
mation Table S1). This decrease is accompanied by a general increase of IRMgq ,,7% from about 7% to about
23% (Figure 4d, supporting information Table S1). Hcr also increases from about 30 mT to about 80 mT
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Figure 3. Results of magnetic analyses obtained from representative samples from the Pearl River: (a) stepwise IRM acquisition curves
where the curves corresponding to the further analyzed samples are identified; (b) relative contribution of the different CLG component to
the total IRM for the selected samples; (c) hysteresis curves (in blue before and in pink after correction for the paramagnetic component);
(d) Day diagram (SD: single domain; PSD: pseudo-single domain; MD: multidomain) and FORC diagrams (120 FORCs were measured with a
positive saturation field of 1 T, a field increment (JH) of 1.61 mT, and an average time of 400 ms, and calculated with a smooth factor of 3);
(e) results of the thermal demagnetization of three-axes IRM; and (f) low-temperature spectra (see text).
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Figure 4. Magnetic parameters obtained from the Red River organized from left The hysteresis curves of the samples
to right by decreasing S-ratio. See Figure 2 for the explanation about the different characterized by lower S-ratio indeed

parameters. In (h), n is for the samples for which MDF gy could not be determined

because it exceeds 80 mT (see text. show a higher saturation field (RS26

compared to RS11 in Figure 5c). The

three-axes IRM thermal demagnetiza-
tion indicates that the high-coercivity component they contain is hematite (1T component of R526 removed
between 650 and 690°C; Figure 5e). The thermal spectra of the other samples (see RS11 in Figure 5e) indi-
cate the presence of magnetites with coercivities lower than 0.3 T and sulphides (most likely greigite) for
the axis corresponding to coercivities between 0.3 and 1 T (Figure 5e). The Verwey transition is more
marked for samples with higher S-ratio (RS12 compared to RS34) but it remains very clear in the higher
coercivity samples as well (Figure 5f). Small amounts of hematite are also reported by Nguyen et al. [2016]
along the main stream although these authors did not observe it at all their sites. This may be due to the
fact that the «-T curves they used may not be the most sensitive method. For example no hematite is
observed in the x-T curve at their site ND2 while high-coercivity fraction is clearly identified from the IRM
gradient curve from the same site.

The hysteresis parameters of the samples characterized by the lowest coercivity (S-ratio > 0.9) indicate that
the magnetite grains are in the pseudo-single domain range, slightly coarser than in the Pearl River (Figure
5d) and the FORC diagrams are indeed more toward multidomain type (Figure 5d). However, it is difficult to
estimate magnetic grain size, even using physical methods giving access to the domain state such as the
hysteresis curves because this is mainly known for magnetite. The results might therefore be biased by the
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Figure 5. Results of magnetic analyses obtained from representative samples from the Red River (same as for the Pearl River in Figure 3).
For both RS12 and RS34, 350 FORCs were measured with a positive saturation field of 1 T, a field increment (6H) of 0.534 mT, and an aver-
age time of 400 ms, and calculated with a smoothing factor of 6.
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Figure 6. Magnetic parameters obtained from the Mekong River organized from for rather significant amounts of hema-
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ferent parameters. In (h), n is for the samples for which MDF gy could not be

determined because it exceeds 80 mT (see text). amounts of greigite.

4.3. Mekong River

The three bulk parameters (IRM1, yir, and yarm) largely covary in the Mekong River (Figures 6a-6¢; support-
ing information Table S1). The S-ratio is everywhere lower than 0.9 with values reaching 0.54 (site MR10)
(Figure 6d). The other parameters consistently show high-coercivity contributions with Hcr between 40 and
276 mT (average 71 mT), Hc between 12 and 91 mT (average 20 mT), IRMgo 1 (%) between 16 and 70%
(average 34%) and MDFagy between 18 and 49 mT (average 23 mT) (Figures 6e-6h, supporting information
Table S1). MDFjgy could not be defined for two samples because it exceeds 80 mT (i.e., the last peak field
used for the AF demagnetization (IRMgy 7% > 50%) (Figures 6g, 6h; supporting information Table S1). This
high content in high-coercivity minerals is also illustrated by the IRM acquisition curves, all far from reaching
the saturation state (Figure 7a). Lower is the S-ratio, more wasp-waisted are the hysteresis curves and more
significant is the contribution of the CLG #4 (B;,, between 400 and 800 mT) which reaches 87% of the total
IRM at site MR10 (Figures 7b, 7¢; supporting information Table S1).

The FORC diagrams were performed over a progressively larger Hc range when S-ratio decreased. The three
diagrams shown in Figure 7d are constructed with curves acquired at maximum Hc fixed at 40 mT (MR02),
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Figure 7. Results of magnetic analyses obtained from representative samples from the Mekong River (same as for the Pearl River in Figure 3). For MR02, 100 FORCs were measured
with a positive saturation field of 1 T, a field increment (0H) of 1.61 mT, and an average time of 200 ms, and calculated with a smoothing factor of 3. For MR05, 180 FORCs were
measured with a positive saturation field of 2 T, a field increment (6H) of 1.68 mT, and an average time of 400 ms, and calculated with a smooth factor of 3. For MR10, 420 FORCs
were measured with a positive saturation field of 2 T, a field increment (0H) of 1.52 mT, and an average time of 300 ms, and calculated with a smooth factor of 3.
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Figure 8. Geographical distribution of the magnetic properties (illustrated as the S-ratio) in each river: (a) Pearl River; (b) Red River; and (c) Mekong River.

200 mT (MRO05), and 500 mT (MR10). MR02 which represents the group of samples with the highest S-ratio
is characterized by low-coercivity multidomains. The other two samples shown in Figure 7d (MRO5:
S-ratio = 0.72 and MR10: S-ratio = 0.54) show interacting single-domain low-coercivity particles mixed with
high-coercivity particles and most likely antiferrimagnetic particles illustrated by the colored spots at high
field (Hc > 100 mT).

The thermal demagnetization of the three-axes IRM is more informative in terms of magnetic carriers. The
results are illustrated in Figure 7e with three samples representative of the different types of IRM acquisition
curves. The intensity of IRM acquired at 1 and 0.3 T progressively increases from samples MR02 to MR07
and to MR10. This magnetization, removed between 650°C and 700°C, clearly illustrates hematite. The low-
coercivity component carried by the 0.1 T axis exhibits a first decrease between room temperature and
about 300°C followed by a slower decrease up to the full demagnetization around 600°C (except in MR10
where it resists up to ~700°C). The presence of magnetite in these samples is also observed with the clear
Verwey transition (Figure 7f). This transition is not seen in MR10 where magnetite is very minor (Figure 7).
The significant abrupt drop of intensity below 20 K is most likely due to antiferrimagnetic particles.

This set of experiments indicates that the sediment in the Mekong River is dominated by hematite with
small or no amount of magnetites (and sometimes, most probably sulphides).

5. Discussion

In the three river systems, the variability in the magnetic content mainly consists in changes in the relative
contribution to the total magnetization of low and high-coercivity families identified as corresponding to
magnetites (and sometimes a minor contribution of sulphides) and hematites, respectively. Goethite, result-
ing from very high hydrolysis processes is not observed. In Figure 8, the geographical distribution of these
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Figure 9. Magnetic properties illustrated by the S-ratio (in red) compared to the
clay mineralogy and the chemical index of alteration (CIA) as reported in Liu et al.
[2007].

variable mixtures is illustrated by dots,
the color of which depends on the
S-ratio range. The figure would be
exactly the same if we had taken
CLG#4, MDF g\, or IRMgg m7(%) instead
of S-ratio. Significantly different mag-
netic properties characterize each
basin in which slight internal variations
are also observed. The magnetic min-
eralogy can be compared to the other
components of the detrital fraction, in
particular the clay mineralogy and the
major element content [Liu et al,
2007]. In the clay fraction, the main
duality is between illite and kaolinite,
the first illustrating more physical ero-
sion than the second, more sensitive
to chemical weathering. The percent-
age of smectite slightly increases from
the Pearl River to the Red River and to
the Mekong River where, however, it is
remains a minor component (11% as
an average) [Liu et al., 2007]. The rela-
tive concentrations of clay minerals
expressed as the ratio illite/(kaolini-
te + chlorite) increases (decreases)
with the increasing (decreasing) contri-
bution of erosion versus weathering.
This ratio is plotted in Figure 9 as a
function of increasing magnetic coer-
civity illustrated by the S-ratio. Out of
the major element content, the chemi-
cal index of alteration (CIA = molar
ratio of [Al,O; = (Al,O; + CaO + Na,
O + K,0)] X 100) [Nesbitt and Young,
1982] calculated at each site [Liu et al.,
2007] is also compared to the main
magnetic properties (Figure 9).

In the Pearl River basin, the main
stream is richer in magnetites than the
northern and eastern branches (Figure
8a). The highest proportion of hema-
tite is found at site PR37, along a tribu-
tary in the westernmost part of the
studied area (close to Liuzhou). When

this river reaches the main stream, its hematite contribution is diluted as no significant increase in coercivity
is observed at site PR35. The main stream contributing the most to the detrital discharge into the SCS
remains therefore rich in magnetites until it meets the northern and eastern branches. The last two have
higher concentrations in hematite although the magnetic signal of the two northernmost sites in the north-
ern river (PR0O9 and PR10) is also dominated by magnetites. No sulphides (greigite) are found in these sedi-
ments in contrast with sedimentary cores located off the Pearl River delta and in the sedimentary tongue
along the coast [Ouyang et al., 2013]. The latter may have therefore suffered from some degree of diagene-
sis in the presence of organic matter, obviously not affecting the river sediments.
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Kaolinite is the dominant clay fraction in the Pearl River sites and, together with a high illite chemical index
(>0.5) and a high illite crystallinity (>0.24), it indicates strong hydrolysis conditions [Liu et al., 2007]. A slight
decreasing trend is observed in the illite/(kaolinite + chlorite) content together with the coercivity increase
from site PR38 to site PRO5 (Figure 9a). The alkalinity index CIA is high and it increases from about 70% to
about 88% when magnetic coercivity increases (Figure 9a). All these results are consistently indicating an
increasing weathering process with increasing hematite contribution indicating that the latter results from
the alteration of parent rocks in the Pearl River basin. Surprisingly, at the three sites (PR11, PR13, and PR37)
showing the highest coercivities, illite is slightly more abundant with respect to kaolinite and chlorite and
the CIA is lower. This suggests that hematites at these sites do not only result from a higher degree of
weathering but also, most likely, from the physical degradation of the local bedrocks.

Finally, the fact that magnetite remains the dominant magnetic carrier along the main stream, indicates
that magnetite resists quite well to the weathering processes indicated by the high kaolinite content. The
weathering may have eventually increased a little the average size of the magnetite grains which, however,
remain in the (pseudo)single domain range.

In the Red River catchment, the magnetite contribution is slightly lower than in the Pearl River. It means
that non-negligible amounts of hematites are present although they contribute only for about 20-30% to
the total signal, due to the weak magnetization of this oxide. Magnetite therefore remains the dominant
carrier of the magnetization in the main stream. Significantly higher contributions of hematite to the total
magnetic signal are found in the northern branch of the delta and in the small tributary, north of Hanoi (Fig-
ure 8b), illustrating significantly large proportions of hematite in the magnetic fraction. In the Red River
catchment, by contrast to the Pearl River, illite dominates the clay fraction. In the studied sites, the illite per-
centage increases from about 30% up to 55% giving rise to an increase in the illite/(kaolinite + chlorite)
ratio along with the increase in the magnetic coercivity (Figure 9b). It is a general trend with no particular
distinct signature for the sites located in the northern part of the delta and showing the highest coercivities
(Figures 8b and 9b). The CIA is less variable than in the Pearl River (67%-77%) but it similarly increases with
the magnetic coercivity (Figure 9b). The chemical and clay analyses conducted in the Red River samples by
Liu et al. [2007] indicate that the sediments transported by this river mainly originate from physical erosion
related to the tectonic incision of the river and probably more active during raining season when the flow is
strong. The magnetic mineralogy also suggests some variable degree of weathering depending on the loca-
tion along the river. The hematite-rich soils developed in the Red River catchment, as illustrated by the color
of the river waters, are most likely the main contributors of these high-coercivity hematite particles into the
magnetic assemblage.

In the Mekong River, hematite is present everywhere. Its signature is very clear in the magnetic parameters
and given the fact that the magnetization of hematite is considerably weaker than that of magnetite [Dun-
lop and Ozdemir, 1997], the values obtained for the different parameters indicate that it is present in large
amounts. No downstream trend is observed in the relative contribution of hematite. Site MR13, one of the
most upstream site in the studied area is slightly richer in magnetite as well as two sites located in two
other river branches in the northern part of the delta (Figure 8c). These northern rivers have tributaries
draining the region where Pliocene to recent basaltic lavas are present and that may explain the higher con-
tent in magnetites. Given the fact that a large part of the detrital load of the Mekong River originates from
the active erosion and incision in the upper part of the catchment [Liu et al., 20071, the hematites may origi-
nate from the hematite-rich geological formations cropping out in these regions (Devonian red sandstones
and/or Mesozoic continental red beds). Another possible source would be a significant chemical weathering
of the original material into hematite in the floodplains where, indeed, lateritic soils are present [Panagos
et al,, 2011]. However, the clay mineral study suggests that erosion is the main source of illite which domi-
nates the clay fraction in the river [Liu et al., 2007] (Figure 9c). Hematites have most likely the same origin.
No changes are observed in the chemistry while the magnetic mineralogy changes. For example, no
changes in the clay assemblage and in the CIA are observed at site MR10 compared to the other sites,
although it is characterized by a very high contribution (87%) of hematite. This suggests again that the mag-
netic mineralogy illustrates a different sensitivity to the erosion/weathering balance.

Besides the small variations observed in each catchment, differences are obvious in the composition of the
magnetic fraction from one basin to the other (Figure 8). The Pearl River is a magnetite-rich river system
and the Mekong River is a hematite-rich system. The sediments from the Red River contain significant
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amounts of hematite but their bulk magnetic signal remains dominated by magnetites slightly coarser than
in the Pearl River.

6. Conclusive Remarks

The magnetic mineralogy reflects the geology and the hydrology in the catchment of the three studied riv-
ers although we cannot exclude that part of the magnetites might also be of anthropic origin because the
floodplains are highly populated, urbanized, and industrialized [Franke et al., 2009]. The processes by which
sediments are transported by the rivers from the eroded regions downstream are complex and not fully
understood. They are generally described as a succession of transport, settling, and resuspension cycles. In
the three rivers we studied, the most efficient transport occurs during the rainy season when the water level
and the water turbulence are high. Not all the particles eroded in the upper reaches of the river are trans-
ported to the coast as recently shown by Nie et al. [2015] but our results coupled with clay mineralogy and
major element content indicate that whatever the number of multiple cycles it has undergone, the mag-
netic fraction may still represent the lithology of the rocks where it originates from. Indeed, examination of
the magnetic properties indicates that their small intrabasin variations are often related to the local geology
and in first approximation, they have their counterpart in clay mineralogy and major element content previ-
ously published on the same samples and considered at first glance as uniform in each catchment. In detail,
the magnetic mineralogy may be even more variable than the clay fraction likely because magnetic miner-
als are less sensitive to weathering than clays.

On the regional scale, the magnetic properties are variable from one river basin to the other with significant
hematite concentration characterizing the sediment from the Mekong river while the Pearl River is charac-
terized by magnetite. The Red river contains some amounts of hematite and locally some sulphides but the
magnetic signal remains also dominated by magnetites. This study therefore yields complementary infor-
mation with respect to the available geochemical and sedimentological data set.

This complementary magnetic data set is now available to decipher the environmental signal from adjacent
oceans and in particular the South China Sea in which large amounts of sediment is delivered by these
three rivers.
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