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Abstract we conducted a mineral magnetic study of river bank and subaqueous delta sediments from
the Red River, in order to examine the role of sedimentary sorting on the variation of sedimentary magnetic
properties from source to sink. The magnetic mineralogy mainly consists of magnetite and hematite. Bulk
sediment particle-size variations have a strong influence on magnetic properties, with the frequently used
magnetic parameters y¢q%, xarm: Xarm/ % @and xarm/SIRM exhibiting positive correlations with the <4 um
fraction, while S-ratios are negatively correlated with this fraction. Compared with river bank sediments and
shallow shoreface (<5 m water depth) sediments, sediments from the deeper (>5 m water depth) part of
the subaqueous delta have lower y and SIRM values, a finer ferrimagnetic grain-size and higher proportions
of hematite, consistent with selective loss of coarse ferrimagnetic grains on the source-to-sink pathway. We
suggest that variations in magnetic properties in response to particle-size compositions and therefore depo-
sitional environment changes should be carefully addressed when magnetic proxies such as yarm/SIRM are
used in the study of coastal and marine environmental changes (e.g., sea-level change). In such cases, the
combined use of magnetic properties and geochemical indicators, such as Al/Ti ratio, may provide better
results for paleoenvironmental reconstruction.

1. Introduction

The large rivers in Asia deliver huge amounts of sediment to the global ocean [Milliman and Meade, 1983].
The accumulations of these sediments in deltas and continental margins contain valuable information
about geological history, climate changes, and human activity in the river catchment and thus they have
been extensively studied to reconstruct environmental changes on different time scales [e.g., Colin et al.,
1998; Kissel et al., 2003; Bianchi and Allison, 2009; Wan et al., 2015]. Geochemical and mineralogical methods
are conventionally used to characterize sediments derived from these large rivers [e.g., Clift et al., 2008; Wan
et al., 2015]. A number of indicators have been developed [e.g., Clift et al., 2014, and references therein],
such as the conservative Al/Ti ratio for sediment provenance [Young and Nesbitt, 1998], and the chemical
index of alteration (CIA) [Nesbitt and Young, 1982] for climate changes. In addition to geochemical and min-
eralogical methods, magnetic properties of sediments have been increasingly used as a climate proxy, prov-
enance tracer, and ocean productivity indicator [e.g., Colin et al., 1998; Kissel et al.,, 2003; Larrasoana et al.,
2003; Li et al., 2006a; Suganuma et al., 2009]. Magnetic grain-size parameters (e.g., yarm/SIRM) have been
commonly used to indicate glacial-interglacial-scale climate change or sea-level change [Colin et al., 1998;
Kissel et al., 2003; Ouyang et al., 2014]. Before these parameters can be used as a reliable “proxy” or indicator,
the factors influencing sediment transfer processes, and thus indirectly the proxies themselves, must be
thoroughly understood. This is demonstrated by the effect of sedimentary sorting on Al/Ti ratios and other
proxies [Shao et al., 2012; Chen et al., 2013], which may result in the variations of these indices reflecting fac-
tors other than direct provenance or climate change. Therefore, these coupled fluvial-marine systems have
been increasingly investigated in source-to-sink studies [e.g., Liu et al., 2007; Bianchi and Allison, 2009; Wan
et al., 2015].
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Sediments in the delta region and the margin of the South China Sea have been extensively studied to
reconstruct the history of local delta formation, the evolution of the South China Sea, and their relationships
with the Asian monsoon and tectonic uplift of the Tibetan Plateau [L/ et al., 2006b; Wan et al., 2015]. In par-
ticular, several studies have investigated the magnetic properties of sediments from the South China Sea in
order to reconstruct paleoenvironmental changes [Kissel et al., 2003; Ouyang et al., 2014; Wang et al., 2014].
However, a source-to-sink analysis of sediments delivered to the South China Sea using a magnetic
approach has not yet been reported but is clearly important for the development of magnetic-based paleo-
environmental proxies. Several studies have demonstrated that magnetic properties of sediments are sensi-
tive to bulk sediment particle-size, which is strongly influenced by hydrodynamics [Oldfield et al., 1985;
Zhang and Yu, 2003; Oldfield et al., 2009; Hatfield and Maher, 2009; Liu et al., 2010]. Therefore, sediments
from the same source may have different magnetic properties due to sediment sorting along the pathway
of the sediment routing system. The Red River is one of the large rivers originating from the Tibetan Plateau,
with a historically high sediment load of 160 Mt/yr discharged into the South China Sea [Milliman and
Meade, 1983]. Recently, the sediment flux drastically decreases to approximately 40 Mt/yr during the 1997-
2004 period following the Hoa Binh Dam impoundment [Le et al., 2007; Vinh et al., 2014]. In the present
research, we studied the magnetic properties, together with the Al/Ti ratios, of the Red River sediments
along the transfer pathway from land to sea, in order to understand the influence of bulk sediment particle-
size and hence depositional environment on the propagation of the magnetic signal from source-to-sink.

2, Study Area

The Red River originates from the mountainous area in the Yunnan province of China, flows 1200 km south-
eastward and then flows through seven Vietnamese provinces before entering the South China Sea. The
Red River in Vietham has two major tributaries: The Da River and Lo River, with their head sources in China
(Figure 1). The catchment of the Red River is dominated by Paleozoic sedimentary rocks with metamorphic
and igneous rocks also present, mainly along the main channel and in the Lo subbasin [Borges and Huh,
2007]. The river basin is within a subtropical monsoon climate region with a mean annual rainfall of about
1590 mm. The wet season (from May to October) accounts for 85-95% of the total annual rainfall. Mean
annual temperature in the upstream region ranges from 14-16°C in winter to 26-27°C in summer, while in
the delta area the temperature is higher, ranging from 17 to 30°C [Le et al., 2007].

The average total discharge of the Red River into the sea is 3500 m*/s (1960-2008) [Dang et al., 2010]. The
mountainous areas that form a large part of the upstream basin of the Red River are tectonically very active
and have high erosion rates [Le et al., 2007]. Most of the sediments come from the main stream of Red River
(called the Thao River), with a subordinate contribution from the Lo river, and minor contribution from the
Da river after the closure of the Hoa Binh dam in 1989 (Figure 1). According to the Food and Agriculture
Organization classification system, soils in the upper basin are typically Acrisols and Ferrasols [Gong, 1999],
and the red color of the eroded laterite soils is responsible for the name of the river.

At present, 37.8% of the fluvial sediment is discharged through the Ba Lat mouth, 23.7% through the Day
river mouth, 11.8% through the Tra Ly River mouth, and 11.7% through the Van Uc and Thai Binh river
mouths (Figure 1) [Duc et al., 2007]. The coast adjacent to the Ba Lat has a diurnal tidal regime with average
amplitude of 2.5-3.5 m. Due to the monsoon climate, the waves approach the coast from the northeast in
winter and from the south in summer. The average and maximum wave heights are 0.7-1.3 m and 3.5-
4.5 m, respectively [Duc et al., 2007]. Geomorphologically, the subaqueous delta can be divided into an ero-
sional shoreface zone (water depth <5 m), a delta front at the Ba Lat mouth, and a prodelta zone (5-30 m)
[van den Bergh et al.,, 2007]. Sand is dominant in the shoreface zone due to the stronger hydrodynamics,
and silts are dominant in the delta front and clayey silts in the prodelta zone [Duc et al., 2007].

3. Samples and Methods

Most of the sediment samples were collected as part of a larger sampling program conducted in the Red
River catchment in 2007, with additional samples collected in 2014. In total, 26 surface sediment samples
were obtained from the river bank along the main channel and 18 subaqueous sediment samples from the
delta (Figure 1). All of the samples were dried at 40°C and then disaggregated prior to analysis.
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Figure 1. (a) Map of the study area, with the sampling sites detailed in Figure 1b. The red rectangle in Figure 1b indicates the (c) inset
map, in which the sampling sites in the subaqueous delta are shown.

Particle-size distribution was measured using a laser-diffraction analyzer (Coulter LS-100Q) following pre-
treatment with 0.2 M HCl and 5% H,0O, to remove biogenic carbonate and organic matter, respectively.
Sodium hexametaphosphate (0.5 M (NaPOs)s) was added to ensure complete disaggregation prior to analy-
sis [Ru, 2000].

Low-frequency (0.47 kHz) and high-frequency (4.7 kHz) magnetic susceptibility (y;r and yps, respectively)
were measured using a Bartington magnetic susceptibility meter and MS2B dual-frequency sensor.
Frequency-dependent susceptibility (y¢4%) was calculated as y¢q% = (yif — xne)/ i X 100. Anhysteretic rema-
nent magnetization (ARM) was imparted in a 0.04 mT direct current field superimposed on a peak AF
demagnetization field of 100 mT, and is expressed as susceptibility of ARM (yarm). Isothermal remanent
magnetization (IRM) was first imparted at 2 T and then at backfields of —100 mT and —300 mT. These rema-
nences are referred to as SIRM, IRM_19omt, @and IRM _3qomT, respectively, and are mass normalized. Hard iso-
thermal remanent magnetization (HIRM) was defined as HIRM = (SIRM + IRM_300m1)/2. S—100 and S_3q
were calculated as S_190 = 100 X (SIRM — IRM_00m7)/(2 X SIRM) and S_300 = 100 X (SIRM — IRM_300m7)/
(2 X SIRM), respectively. By this definition, S_190 and S_3qo vary from 0% to 100%.
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Figure 2. Spatial variation of particle-size composition of the river bank and subaqueous sediments. The fluvial samples are arranged in an
order from upstream down to the coast. The subaqueous delta samples are grouped into shoreface (water depth <5 m) and prodelta
(water depth >5 m) zones. Clearly, sediments from the prodelta zones have the highest clay fraction on average.

IRM acquisition curves on selected samples were measured in 39 fields using an MMPM10 pulse magnetizer.
The IRM acquisition curves were unmixed using the method of Kruiver et al. [2001]. Measurements of the
temperature-dependent magnetic susceptibility were made using an AGICO MFK1-FA Kappabridge
equipped with a CS-3 high-temperature furnace. Each sample was heated from room temperature to 700°C
and then cooled to room temperature in an argon atmosphere.

Magnetic minerals from selected samples were extracted following method described in Walden et al.
[1999], and were analyzed by X-ray diffraction (XRD) using a Philips PW 1710 diffractometer with CuKo. radi-
ation (40 mA, 40 kV). The measurements were performed using a step size of 0.02° in the 20 range from 5°
to 80°.

The concentrations of Al and Ti in the bulk samples were determined using inductively coupled plasma
atomic emission spectrometry (iCAP™ 7400 ICP-OES Analyzer) after a mixed HF-HNOs-HCIO, digestion
[National Environmental Bureau (NEB), 1998]. The China national reference material GSD9 was included for
quality control. The analytical precision and error of the analysis are within 10%.

4, Results

4.1. Particle-Size Distributions

The spatial variation of particle-size composition is shown in Figure 2, with sampling sites arranged in order
from upstream to the coast. In general, from upstream down to the river mouth (sites F27 to ND3), the sedi-
ments initially become coarser and then finer. The coarsest sediments occur between sites F35 and F42,
with the sand fraction (>63 pum) comprising 52%. The sites downstream of F42 are dominated by the silt
fraction (4-63 pum). In the subaqueous delta, sediments from the shoreface (water depth <5 m, comprising
sites S1, T1, T8, and T9) are dominated by the sand fraction. Sediments from greater water depths are domi-
nated by silts and clays (<4 pm) with a negligible sand fraction. This spatial pattern of sediment texture var-
iation is in accordance with previous findings [Duc et al., 2007; van den Bergh et al., 2007]. On average, the
prodelta sediments have a higher clay fraction than the river bank sediments (Figure 2).

4.2. Magnetic Properties
Magnetic susceptibility () and SIRM generally reflect the concentration of magnetic minerals. Unlike y,
SIRM is not influenced by (super)paramagnetic and diamagnetic minerals [Thompson and Oldfield, 1986]. y
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Figure 3. Spatial variation of magnetic properties of the river bank and subaqueous sediments. The fluvial samples are arranged in order
from upstream down to the coast. The subaqueous delta samples are grouped into shoreface (water depth <5 m) and prodelta (water
depth >5 m) zones. The red lines depict the mean values either for the (d-f) river bank or the (a—c and g-i) prodelta sediments. (a and b)
The river bank sediments have relatively high y and SIRM values, suggesting higher ferrimagnetic mineral concentrations. Sediments from

the prodelta have higher yq%, yxarw/%: 7arm/SIRM values (Figures 3d-3f), which suggests that the ferrimagnetic minerals become finer in
the prodelta sediments.

and SIRM exhibit a similar pattern of spatial variation, suggesting that y is dominated by ferrimagnetic min-
erals (Figures 3a and 3b). The river bank sediments exhibit fluctuating y and SIRM values, while the subaqu-
eous delta sediments have more uniform values, indicating that ferrimagnetic mineral concentrations in the
former are more variable. On average, the river bank sediments have higher y and SIRM values, suggesting
higher ferrimagnetic mineral concentrations. yarm is sensitive to stable single domain (SD, 0.04-0.06 pum)
ferrimagnetic grains [Maher, 1988] and in comparison with y and SIRM the difference in yarm values
between the river bank and subaqueous delta samples is less significant (Figure 3c).

1£4% is an estimation of the relative contribution of fine, viscous superparamagnetic (SP, ~<0.03 um for
magnetite) grains to the total magnetic assemblage [Thompson and Oldfield, 1986]. The ratio yarm/y can be
used to indicate the grain-size of magnetic minerals, with higher values reflecting fine grained SD grains
and lower values multidomain (MD) or SP grains [Maher, 1988]. The ratio y arm/SIRM is also indicative of
grain-size, but it is unaffected by SP particles and therefore lower values correspond to coarser MD grains.
These three parameters generally exhibit similar spatial trends, i.e., they are relatively stable from upstream
down to the river mouth, and then increase significantly from the shoreface zone to the prodelta with
increasing water depth (Figures 3d-3f). The subaqueous prodelta sediments have much higher values than
their fluvial counterparts. This suggests that the ferrimagnetic minerals become finer-grained with increases
in the clay and silt fractions and decreases in the sand fraction.

HIRM is commonly used to estimate the abundance of imperfect antiferromagnetic minerals such as goe-
thite and hematite [Bloemendal and Liu, 2005]. Here it exhibits no clear trend along the sediment transport
pathway (Figure 3g). S_3q0 is @ measure of the relative importance of low-coercivity (e.g., magnetite and
maghemite) and high-coercivity components in the total magnetic mineral assemblage [Bloemendal and
Liu, 2005], while S_ ;o reflects the ratio of low-coercivity minerals to medium-coercivity and high-coercivity
minerals [Yamazaki, 2009; Yamazaki and lkehara, 2012]. Both parameters are higher in the river bank
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Figure 4. Magnetic susceptibility changes during heating from room temperature to 700°C. The complete cycle of y versus temperature measurement is shown in the insets. Red and
blue lines represent heating and cooling curves, respectively. All the samples have T, around 580°C which is typical of magnetite. (a, ¢, and f) Some samples show a decreases of y with
increasing temperature beyond 580°C, which is probably due to the presence of hematite.

sediments and lower in the subaqueous delta sediments, suggesting higher proportions of ferrimagnetic
minerals in the former (Figures 3h and 3i).

In all samples, the susceptibility versus temperature (-T) analysis reveals a Curie temperature of 580°C,
which is indicative of magnetite [Thompson and Oldfield, 1986] (Figure 4). Some of the samples exhibit an
increase of y before peaking at about 300°C (Figures 4a and 4d), which may result from the gradual
unblocking of fine-grained ferrimagnetic particles [Liu et al., 2005]. All of the curves exhibit notable peaks at
about 510°C, which may be the result of the conversion of iron-containing silicates to magnetite [Liu et al.,
2005]. Some of the samples exhibit a continuous decrease in y after heating above 580°C, which is probably
due to the presence of hematite (Figures 4a, 4c, and 4f).

Typical IRM acquisition curves are illustrated in Figure 5. The IRM acquisition curves can be described by
two dominant components, with median fields B,,, of ~38 and ~700 mT, which probably correspond to
magnetite and hematite, respectively [Kruiver et al., 2001; Yamazaki and Ikehara, 2012]. This is in accordance
with the thermomagnetic results (Figure 4). XRD analysis also confirms the presence of magnetite and hem-
atite (Figure 6). Some of the samples have an additional high-coercivity component of ~2000 mT, which is
typical of goethite [Kruiver et al.,, 2001]. In general, the ~38 mT coercivity component is the dominant con-

tributor to the IRM, but in some samples the high-coercivity hematite component has a stronger contribu-
tion (Figure 5b).

4.3. Relationship Between Bulk Sediment Particle-Size and Magnetic Properties

Correlation analysis reveals diverse relationships between bulk sediment particle-size and magnetic proper-
ties (Table 1). Concentration-related parameters (y, SIRM, HIRM) are not significantly correlated with
particle-size. yarm €xhibits weak relationships with the silt and sand fractions. However, if one sample with
an extremely high yarm value (ND2) is removed, then yarm is also significantly correlated with the clay frac-
tion (R*> = 0.60) (Figure 7a). Magnetic grain-size, reflected by yarm/z 1arm/SIRM, %1%, exhibits a significant
positive relationship with the 4-63 and <4 pm fractions, but a negative relationship with the fraction >63
um (Table 1 and Figures 7d-7f). The positive relationship between yarm/% 1arm/SIRM, and the clay fraction
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is different for the river bank (R*> = 0.60 and 0.52, respectively) and subaqueous delta deposits (R>=0.19
and 0.28, respectively), with the regression line for the latter displaying a gentler slope (Figures 7d and 7e).
In contrast S-ratios are positively correlated with the sand fraction but negatively correlated with the finer
fractions (Table 1 and Figures 7b, 7¢). It is also clear that the shallower subaqueous delta sediments have a
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Figure 6. XRD spectra for extracted magnetic minerals, demonstrating the
presence of both magnetite (M) and hematite (H).

different S-ratio versus clay fraction rela-
tionship from that of the river bank and
deeper prodelta delta sediments (Figures
7b and 7c).

5. Discussion

5.1. Magnetic Mineralogy and the
Influence of Bulk Sediment Particle-Size
on Magnetic Properties

Magnetic and XRD analyses reveal that
magnetite is the dominant ferrimagnetic
mineral in the sediments in terms of contri-
bution to the bulk magnetic properties.
Hematite, an imperfect antiferromagnetic
mineral, is also well-represented magneti-
cally. This agrees well with the dominant
soil types found in the study area: due to
the subtropical climate and strong

NGUYEN ET AL. EFFECT OF SORTING ON MAGNETIC PROPERTIES

276



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2015GC006089

50

<
g R*=0.60
=
< I A'
Vv
, (@
10 15 20
63 -1
Toary (10 M7kg )
50 50
L ] L [ ] -
| . i .

_ " c—rr‘:/:"';{:/_;w 0 il R
) =(), 2
X 4 AA & 30, : ) R™=0.28
§ A A A
- 20 > 209 & 2
?/‘ £ 4 R-0.60 A a R™=0.52

10 * 10 = A

0 T T r (@) 0 i T T T T (€)

0 3 6 9 12 0 20 40 60 80 100
35 gt
XARM/X XARM/SIRM (107mA") g (%)

A River bank

* subaqueous delta (<5m) e subaqueous delta (>5m)

Figure 7. Scatter plot of clay fraction (<4 um) percentage versus magnetic parameters (a) yarm, (b) S—100. (€) S—300, (d) zarm/% (€) xarm/SIRM, and (f) y:q%. The subaqueous delta samples
are grouped into shoreface (water depth <5 m) and prodelta (water depth >5 m) zones. In Figures 7a-7¢, the correlation coefficients are calculated without the samples in circles. (a
and d-f) The positive relationships between yarm, xarm/7: 2arm/SIRM, 7:4%, and the <4 pum fractions suggest the association of fine-grained ferrimagnetic minerals with the clay factions.
(b and c) The negative relationships between S-ratios and the clay fractions suggest that higher proportions of antiferromagnetic minerals in the clay fraction. (d and e) yarw/y and yarm/
SIRM show stronger relationships with the clay fraction in the river bank sediments than those in the prodelta sediments.

chemical weathering, Acrisols and Ferrasols are the dominant soil type in the upstream section part of Red
River, which has a red color due to the presence of hematite pigment [Gong, 1999].

In fluvial and coastal environments, hydrodynamic variations can result in particle-size and mineralogical
sorting during the course of sediment transport and deposition [D’Haen et al., 2012; Rahman and Plater,
2014]. Bulk sediment particle-size variations can have an important effect on magnetic properties, even if
the sediment source does not vary [Oldfield et al., 1985; Oldfield and Yu, 1994; Zhang and Yu, 2003]. In the
present study, the significant correlations between y:q%, yarw, and the clay fraction suggest that fine-
grained SP/SD ferrimagnetic grains are concentrated within this fraction. Although the relationships
between y and SIRM and particle-size are not significant, it seems that these two parameters tend to reflect
the presence of coarse-grained ferrimagnetic minerals associated with the sand fraction (Table 1). Since soil
weathering in tropical/subtropical areas can produce fine-grained secondary ferrimagnetic minerals [Lu
et al.,, 2015], we suggest that the SD/SP grains are of pedogenic origin, while the coarse MD grains are of
detrital origin.

15d%, zarm/ 7, and yarm/SIRM are generally stable from upstream down to site F39, and then increase slightly
toward the river mouth. In the subaqueous delta, they show increasing trends from shallow water to deeper
water, suggest a fining of the ferrimagnetic grain-size with distance away from the coast, with larger grains

Table 1. Correlation Coefficients Between Magnetic Properties, Al/Ti Ratio and Particle-Size (n = 44)°

V4 SIRM 1d% HIRM XARM 1ARM/ X Zarm/SIRM S_100 S-300 Al/Ti
<4 um —0.31 —0.22 0.84 0.27 0.33 0.90 0.88 —0.67 —0.65 0.81
4-63 um —0.08 0.04 0.59 0.44 0.41 0.58 0.53 —0.42 —0.39 0.58
>63 um 0.18 0.07 —0.74 —0.39 —0.40 —0.76 —0.72 0.56 0.53 -0.71
Bold type indicates significance at p < 0.01.
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deposited first and finer grains carried further seaward (Figure 3). The slight increase of these parameters
starts at site F39, where the Red River branches into a number of distributaries. This trend is consistent with
the decrease in fluvial energy when approaching the river mouth; however, the trend is reversed in the
coastal shoreface zone where the water depth is shallower than 5 m. Here the sediments are dominated by
sands due to strong wave activity and resultant winnowing of the finer particle-size fractions. In deeper
water, in the prodelta environments, the sediments are the finest and y:q%, 7arm/z, and 7arm/SIRM reach
their highest values. A similar fining trend of ferrimagnetic minerals has been observed in the suspended
sediments and floodplain sediments of the Yangtze River [Li et al., 2012], as well as in the suspended estua-
rine sediments of the Yangtze Estuary [Dong et al., 2014].

As a result, yarm/%, xarm/SIRM, x:q% are positively correlated with the clay fraction and to a lesser degree,
the silt fraction (Table 1 and Figures 7d-7f). Although the present study using a laser-based particle-size
analysis, which is different from previous ones [e.g., Oldfield and Yu, 1994], the relationship is similar to those
in the coastal sediments of the Irish Sea [Oldfield and Yu, 1994] and the Yangtze Estuary [Zhang and Yu,
2003]. It indicates that the use of y:q%, yarm/% and xarm/SIRM as proxies for the fine-grained sediment frac-
tion is valid in a number of coastal environments without significant postdepositional diagenetic dissolution
[e.g., Dessai et al., 2009; Alagarsamy, 2009].

It is also clear that the subaqueous delta sediments have lower S-ratios (Figure 3). This can be explained by
the higher proportions of SD ferrimagnetic minerals as well as pedogenic imperfect antiferromagnetic hema-
tite in the finer sediments. This finding is consistent with the fact that secondary iron oxides formed during
soil pedogenesis are generally fine-grained and are enriched in the clay fraction [Cornell and Schwertmann,
2003; Lu et al., 2015]. It is noteworthy that shoreface sediments have lower S-ratios compared to their river
bank counterparts (Figures 7b and 7c). This could be caused by the fact that coarse magnetite grains are pref-
erentially deposited in the river bank zones due to higher density. In spite of the coarser grain-size, the con-
centration of magnetite in the shoreface sediments is lower. Reductive diagenesis of magnetic minerals in
marine environments could also lead to selective dissolution of ferrimagnetic minerals in comparison to anti-
ferromagnetic minerals [e.g., Robinson et al., 2000; Rowan et al., 2009]. This factor needs to be further studied.

5.2. Implications for Paleoenvironmental Reconstruction

The dependence of magnetic properties on bulk sediment particle-size has been used to infer hydrody-
namic variations in fluvial, coastal and estuarine environments [Hatfield et al., 2010; Gallaway et al., 2012;
Dong et al., 2014] and the present study confirms these findings. In particular, it has been observed that the
magnetic grain-size indicators yarm/y and yarm/SIRM, 1:4%, have a positive relationship with the clay frac-
tion, while S-ratios exhibit the opposite trend with the clay fraction (Figure 7). It is also noteworthy that in
the prodelta environment, characterized by fine silt and clay sediments, relatively small changes in the clay
fraction have a large effect on the ferrimagnetic grain-size indicators (Figures 7d and 7e). This implies that
in sedimentary environments with weak hydrodynamics, ferrimagnetic minerals are especially sensitive to
hydrodynamic sorting. In this context, magnetic grain-size indicators have been used as an indicator of the
relative distance of the marine coring site to the land, with increasing distance leading to finer bulk sedi-
ment particle-sizes and a fining of the ferrimagnetic grain-size distribution [Wang et al., 2014]. This relation-
ship has been used to interpret shifts in the coastline during glacial/interglacial periods in response to
climate and sea-level changes [Ouyang et al., 2014]. Considering the response of S-ratios to particle-size, like
magnetic grain-size indicators, S-ratios may be used in a similar way for paleoenvironmental reconstruction.
That is a lower S-ratios may indicate a deeper water environment which may be caused by sea level
changes. Given the possibility of the dissolution of ferrimagnetic minerals under reducing conditions, the
use of a combination of S-ratios and the grain-size indicators (y;q%, yarm/% and yarm/SIRM), could be an
effective approach, since imperfect antiferromagnetic minerals are more resistant to reductive dissolution
compared to ferrimagnetic minerals [Robinson et al., 2000; Rowan et al., 2009].

In some case, coastal progradation under a stable sea-level will result in changes in sedimentary environ-
ments and thus to particle-size variations. For example, in a prograding delta coast, the transition from a
prodelta to a delta front at the coring site would lead to a coarsening of the particle-size [Rahman and
Plater, 2014] and therefore to a lowering of yarm/yx and yarm/SIRM values upward within a sediment core. In
this case, a detailed sedimentary facies analysis would clarify the exact mechanisms responsible for mag-
netic property variations.
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Figure 8. Scatter plot of the Al/Ti ratio versus magnetic parameters (a) yarm, (0) S—100, (€) S—300, (d) xarm/% (€) 7arM/SIRM, and (f) y:q%. The subaqueous delta samples are grouped into
shoreface (water depth <5 m) and prodelta (water depth > 5 m) zones. In Figures 8a-8c, the correlation coefficients are calculated without the samples in circles. (d and e) Note the dif-
ferent relationships between yarm/z: 7arm/SIRM, and Al/Ti for the river bank and prodelta sediments. (a and d-f) In general, Al/Ti ratio displays positive relationships with yarm, 7arm/7s
72arm/SIRM, and 4%, (b and c) while negative relationships with S-ratios.

The Al/Ti ratio has been used for sediment source tracing and the approach is partly based on the conserva-
tive behavior of Al and Ti. Given that particle-size influences geochemical composition, it would be
expected that Al/Ti would also be influenced by particle-size (Table 1): Ti-containing heavy minerals should
be preferentially deposited compared to Al-containing clay minerals thereby increasing the Al/Ti ratio of
finer-grained sediments. This effect has been reported in previous studies in which it has been suggested
that Al/Ti ratio may be used as a proxy for sea level change in a closed basin, with a lower ratio correspond-
ing to a lower sea-level [Chen et al., 2013]. Correlation analysis indicates that S-ratios exhibit negatively rela-
tionships with Al/Ti ratio (Figures 8b and 8c), while yarm and y:q% are positively correlated with Al/Ti ratio
(Figures 8a and 8f). Magnetic parameters yarm/yx and yarm/SIRM show similar positive relationship with Al/Ti
ratio, except for the poor relationships in the prodelta sediments (Figures 8d and 8e). Such a poor relation-
ship between magnetic parameters and Al/Ti ratio could be due to the sensitivity of magnetic grain-size to
sorting in comparison to particle-size as mentioned above. Overall, it suggests that magnetic grain-size and
mineralogy indicators and Al/Ti ratio exhibit similar sorting-dependent effects. Considering that magnetic
minerals are sensitive to postdepositional alterations, if these magnetic parameters are significantly corre-
lated with Al/Ti ratios, then the use of magnetic parameters as a proxy for sea level change or for coastal
retreatment/advancement can be used with more confidence.

6. Conclusions

The magnetic properties of the Red River sediments are mainly contributed by magnetite and hematite.
Along a downstream pathway from the delta plain to the subaqueous delta, y¢4%, yarm/y and yarm/SIRM
exhibit increasing trends while S-ratios exhibit the opposite trend in response to sorting and variations in
bulk sediment particle-size composition in different depositional environments. Correlation analysis indi-
cates that %, yarm: Zarw/% @nd xarm/SIRM are significantly positively correlated with the clay fraction,
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while S-ratios are negatively correlated with the clay fraction. This suggests that fine SP/SD ferrimagnetic
grains and hematite are preferentially associated with the clay fraction, which is linked to pedogenesis in
subtropical and temperate environments. Since particle-size distribution of sediment exerts a strong influ-
ence on magnetic properties, the commonly used magnetic proxies for sea-level change and other environ-
mental processes should be used with caution in cases where sediment cores from a deltaic/marine
environment exhibit significant variations in particle-size. Knowledge of sedimentary facies and depositional
environments would clarify the exact mechanisms responsible for magnetic property variations. Consider-
ing the changes in depositional environments and possible postdepositional alternation of magnetic miner-
als, a combined approach using both conservative geochemical indicators such as Al/Ti ratio and magnetic
properties may be better for paleoenvironmental reconstruction.
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