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Abstract We examine the paleoceanographic record over the last �400 kyr derived from major, trace,
and rare earth elements in bulk sediment from two sites in the East China Sea drilled during Integrated
Ocean Drilling Program Expedition 346. We use multivariate statistical partitioning techniques (Q-mode fac-
tor analysis, multiple linear regression) to identify and quantify five crustal source components (Upper Con-
tinental Crust (UCC), Luochuan Loess, Xiashu Loess, Southern Japanese Islands, Kyushu Volcanics), and
model their mass accumulation rates (MARs). UCC (35–79% of terrigenous contribution) and Luochuan
Loess (16–55% contribution) are the most abundant end-members through time, while Xiashu Loess, South-
ern Japanese Islands, and Kyushu Volcanics (1–22% contribution) are the lowest in abundance when pre-
sent. Cycles in UCC and Luochuan Loess MARs may indicate continental and loess-like material transported
by major rivers into the Okinawa Trough. Increases in sea level and grain size proxy (e.g., SiO2/Al2O3) are
coincident with increased flux of Southern Japanese Islands, indicating localized sediment supply from
Japan. Increases in total terrigenous MAR precede minimum relative sea levels by several thousand years
and may indicate remobilization of continental shelf material. Changes in the relative contribution of these
end-members are decoupled from total MAR, indicating compositional changes in the sediment are distinct
from accumulation rate changes but may be linked to variations in sea level, riverine and eolian fluxes, and
shelf-bypass processes over glacial-interglacials, complicating accurate monsoon reconstructions from flu-
vial dominated sediment.

1. Introduction

The East Asian Monsoon is the dominant climate mode in eastern Asia (Tada, 2004; Wang et al., 2005). At
present, the Asian monsoon system influences the development of drought or flooding in some of the
most densely populated regions on the globe (Webster et al., 1998). In order to learn about potential cli-
mate states of the future, understanding the temporal and spatial variation of past monsoon systems is
critical (Nagashima et al., 2013; Tada, 2004). In this context, tracing changes in the terrigenous sediment
supply can serve as a useful proxy for monsoonal precipitation and atmospheric regimes during glacial-
interglacial periods and during higher-frequency climate variability in East Asia (Clift et al., 2014; Wan
et al., 2007).

Hemipelagic sediment of Asian marginal seas records terrigenous material supplied by eolian transport
from central Asian deserts and by the major east flowing rivers of the continent (Irino & Tada, 2000; Wang
et al., 2005; Zheng et al., 2013). For example, studies have targeted the sediment export of the Yangtze
(Changjiang) River, Yellow (Huanghe) River, and their tributaries during glacial cycles (Dou et al., 2010; Liu
et al., 2014; Xu et al., 2012). Weakening of the summer monsoon is likely to have resulted in decreased flu-
vial transported sediment due to decreased precipitation in southern China (Kubota et al., 2010; Lu & Guo,
2013), but also the potential for increased eolian transport (Hovan et al., 1989). Differences in the geochemi-
cal and isotopic composition of fluvial sediment deposited along the continental margins assist in the deter-
mination of influence from distinct fluvial drainage basins during different climate conditions through time
(Lim et al., 2006; Pisias et al., 2013).
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In this study, we aim to reconstruct the temporal variations in provenance and flux of the terrigenous com-
ponent of East China Sea sediments found at Sites U1428 (31840.64’N, 129802.00’E) and U1429 (31837.04’N,
128859.85’E) recovered during Integrated Ocean Drilling Program (IODP) Expedition 346. These sediments
predominantly reflect fluvial transport from rivers on the Asian continent over the last �450 kyr (Tada et al.,
2013), but also likely include eolian and volcanic aluminosilicate sediment as well. To determine changes in
terrigenous provenances through time, we use multivariate statistical techniques applied to an extensive
chemical compositional data set generated from bulk sediment chemical analyses. We statistically model
East China Sea bulk sediment compositions to identify end-member components, and subsequently discuss
the linkages between terrigenous deposition and variability in the East Asian Monsoon system.

2. Site Setting, Sample Selection, and Stratigraphy

During IODP Expedition 346, nine sites were drilled in Asian marginal seas and we focus on Sites U1428
(724 m below sea level, [mbsl]) and U1429 (732 mbsl) (Figure 1). These sites are located in the Danjo Basin,
at the northern extent of the Okinawa Trough, in the northern East China Sea. At present, these sites lie
beneath the Tsushima Warm Current and are influenced by the summer expansion of East China Sea
Coastal Water from increased Yangtze River discharge (Gallagher et al., 2015). At both of these sites, the sed-
imentation rates are very high, averaging 43 and 51 cm/kyr at U1428 and U1429, respectively. Although
Sites U1428 and U1429 are currently �700 km from the Yangtze River, these sites were likely located
�400 km northeast of the advancing Yangtze River mouth, and as close as �150 km from the Yellow River
mouth during glacial sea level lowstands (Uehara et al., 2002). Thus, these sites are ideal to reconstruct East
Asian Monsoon precipitation and river transport of fine-grained continental detrital material (Kubota et al.,
2010).

Figure 1. Bathymetric map of sites from IODP Expedition 346 (red circles), previous DSDP/ODP drill sites (white circles),
and present surface currents (red arrows). From Tada et al. (2013).
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The sediment at these two sites is divided into two lithologic units defined by calcareous nannofossil ooze,
calcareous-rich clays interbedded with tephra layers (Unit A) and a second unit of rounded, fine-grained
sands (Unit B) (Figure 2). Numerous tephra layers, ranging from decimeters to half meters, occur throughout
(Tada et al., 2013). It is also possible that very fine-grained turbidites in this record were not visible in core
description, as will be apparent in later geochemical discussions. The sands of Unit B prevented recovery of
materials deeper than 200 m below seafloor (mbsf) at Site U1428, as these sand beds extended through the
bottom 37 m of the total core recovery. Site U1429 (188 m of recovered core) was drilled in an attempt to
recover Miocene-aged sediment, but the sands of Unit B were also present at this location. There is minimal
opal at these sites, as the biogenic component primarily consists of CaCO3 (Figure 2) with concentrations
ranging between 15 and 40 weight % (wt. %) (Expedition 346 Scientists, 2014). While a portion of the total
CaCO3 may be detrital and missed by sedimentologists during core description, the lithostratigraphic
descriptions, including smear slides analysis, indicates local biogenic sources from the overlying ocean. The
redox state of the sediment is modestly reducing (Calvert & Pedersen, 1993; Morford & Emerson, 1999) and
does not compromise the ability of the sedimentary chemistry to facilitate provenance determination (sup-
porting information). Additional important information about the sedimentology and stratigraphy, includ-
ing age models, of these sites is provided in supporting information.

Figure 2. Shipboard lithologic summaries, CaCO3 content (wt. %), Terrigenous content (wt. %), CaCO3 accumulation rate (g cm22 kyr21), and terrigenous accumu-
lation rate (g cm22 kyr21) are plotted with age (kyr) at IODP Sites U1428 (top) and U1429 (bottom). Ages were determined from the benthic oxygen and tephros-
tratigraphic age model from Sagawa et al., (2017). Horizontal shaded regions indicate glacial periods (Lisiecki & Raymo, 2005). Accumulation rates are calculated
from dry bulk density, linear sedimentation rate, and the resulting bulk accumulation rate. CaCO3 accumulation rate was calculated from the shipboard CaCO3 con-
centration data (Expedition 346 Scientists, 2014) and interpolated bulk accumulation rate. These calculations and parameters are discussed in the supporting
information.
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3. Geochemical Analytical and Multivariate Statistical Methods

3.1. Samples and Geochemical Analytical Methods
A total of 82 bulk sediment samples from Unit A at Sites U1428 and U1429 were used for this work. Fifty-
two of these samples were collected at the time of coring and are evenly spaced, bulk sediment samples
consisting of 5 cm-long whole-round samples that were squeezed for shipboard pore water analysis and
discrete 2 cm plug samples collected for shipboard analysis of carbonate abundance. An additional 30 dis-
crete samples were collected during shore-based sampling to fill in temporal gaps in the first sampling prior
to the development of the age model. Details regarding the geochemical sample preparation, including a
discussion of how analytical precision and accuracy were quantified (Ireland et al., 2014), are found in sup-
porting information.

3.2. Multivariate Statistical Methods
The geochemical data set was analyzed using multivariate statistical MATLABTM algorithms from Pisias
et al. (2013) and Dunlea and Murray (2015). We take a multistep statistical approach optimized for sedi-
ment geochemistry that uses Q-mode Factor Analysis (QFA) and Constrained Least Squares multiple lin-
ear regression (CLS). The implementation and interpretation of these techniques are guided by element
ratio downcore profiles and ternary plots to ensure the statistical results are consistent with the basic
characteristics of the data set. These techniques have been used in a variety of marine settings by our
research group (Dunlea et al., 2015; Martinez et al., 2009; Scudder et al., 2016; Ziegler et al., 2007 and
references therein).

We use QFA to determine the minimum number of components necessary to explain a given fraction of
total variance in a data set by identifying groups of covarying elements into ‘‘factors’’ (Pisias et al.,
2013). Factors are then VARIMAX rotated to maintain orthogonal relationships while maximizing the var-
iance explained by each factor. The approach is based on the assumptions that unique sediment sour-
ces are represented by each VARIMAX-rotated factor, and that the elements included in each factor are
basic indications of that factor’s representation of sediment source. The strength of element covariance
is indicated by high absolute factor scores, and the importance of each factor to the variability in a
given sample by the factor loading value. This loading value indicates variation in the importance of a
factor throughout the data set, which in our case means through a sediment column and thus through
time.

Following QFA, we build on the number and general characteristics of the bulk sediment factors, and apply
an iterative algorithm for CLS multiple linear regression models to identify and quantify the proportion of
each end-member in each discrete sample (Dunlea & Murray, 2015; Pisias et al., 2013). The CLS code creates
multidimensional mixing models that minimize the sum of the squared statistical residuals between the
model and the sample data set, while optimizing the proportions of each end-member in each sample. The
number of QFA identified factors correspond to the total number of end-members to be modeled in CLS
iterations. A collection of geologically reasonable source rock geochemical compositions from a range of lit-
erature and reference materials were compiled to serve as the potential end-member inputs that corre-
spond to the QFA defined factors. This collection was developed based on the QFA results as well as
characterization from the literature of the paleoceanographic and geological systems under investigation.
As detailed in section 4.3, we used a preliminary geochemical set including different types of continental
crust components, Chinese loess, paleosols, and mafic sources (e.g., basalts, tephras, tuffs) to constrain the
‘‘families’’ of potential end-member sources for CLS modeling.

Multiple tests were conducted to check the statistical stability of the modeling and to ensure that the iden-
tification and composition of the factors are not overly sensitive to the statistical parameterizations, includ-
ing minor changes in the chemical element menu. Factors were accepted that explained greater than 2% of
variance in the data set to avoid insignificant factors related to analytical precision (Additional discussion of
QFA factor selection is in the supporting information). Additional model iterations were conducted to deter-
mine if the greater number of samples from Site U1429 influenced the resulting factors when both sites
were combined into a single data set. For this, 24 samples at approximately equal depth spacing were
selected to ensure that factors identified during iterations with the reduced data set were in agreement
with iterations utilizing the full data set.

Geochemistry, Geophysics, Geosystems 10.1029/2017GC007339

ANDERSON ET AL. 2466



4. Geochemical Trends

Downhole geochemical profiles indicate that sediment at Sites U1428 and U1429 are a complex mixture of
multiple aluminosilicates in a reducing environment. In this section, we explore the downhole geochemical
trends through a first-order assessment of the bulk sediment using a variety of traditional graphical parti-
tioning techniques applied to geochemical compositions. This knowledge is then used to guide the QFA
and CLS multivariate statistical techniques that focus on provenance, as discussed in section 5.

During these geochemical explorations, we use a collection of well-constrained crustal compositions as ref-
erence values. We use post-Archean Australian Shale (PAAS), Upper Continental Crust (UCC), Mid Ocean
Ridge Basalt (MORB), and Chinese Loess (CL) as reference compositions, and only as reference compositions
(Gale et al., 2013; Taylor & McLennan, 1985). Although geochemically discrete, we do not interpret the
potential compositional similarities of the bulk sediment geochemistry at Sites U1428 and U1429 to these
reference materials to require that the ultimate sediment composition is directly tied to these geographic
source areas (e.g., post-Archean Australian Shale) or to prescribe a transport pathway implied in the name
of the material (e.g., eolian transport of ‘‘Chinese Loess’’).

The downhole profiles indicate periods of mixing between continental reference compositions similar to
those represented by PAAS, UCC, and CL (Figure 3). The geochemical trends at these sites also are not in
concert with changes in the bulk accumulation rates (Figure 2). The majority of the downhole profiles gen-
erally indicate mixing between PAAS and CL-type compositions, along with suggestions of mixing between
PAAS-like and MORB-like (e.g., Rb/Al), or between CL and UCC-like (e.g., Cr/Al).

However, there are notable excursions downhole between these sources that are similar to the reference
compositions and downhole elemental ratio profiles, and other graphical techniques also do not clearly
untangle the potential sources and the mixing history. For example, from 70 to 80 kyr the profiles of Rb/Al,
La/Al, and Th/Al suggest the presence of a mafic MORB-like component, yet Ti/Al suggests UCC mixing.
There is another decrease in various elemental ratios in downhole profiles between � 210 and 240 kyr,
which may suggest the presence of both UCC-like and MORB-like components, while PAAS-like and CL-like
compositions are also within the mixing field, indicating the complexity in the system outside of simplified
two-component mixing through time. Site U1428 also requires additional partitioning techniques to suffi-
ciently describe mixing.

Contrasting patterns in ternary diagrams further highlight the complexities of determining mixing. Robust
mixing lines for both sites between continental crust values (UCC, multiple loess compositions) and more
mafic end-members (Japanese Andesite, MORB) in the La-Th-Sc diagram highlight the small geochemical
variability of the samples (Figure 4). Other combinations (e.g., Rb-Th-Cr) exhibit two arrays offset in compo-
sitional space, indicating multiple mixing relationships.

Figure 3. Element ratio (g/g and lg/g) age profiles for both sites. Shown for reference, the gray vertical lines depict average values for upper continental crust
(UCC), Chinese Loess (CL), post-Archean Australian average shale (PAAS) (Taylor & McLennan, 1985), and mid ocean ridge basalt (MORB) (Gale et al., 2013).
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Although none of the downhole profiles of major sedimentary components (Figure 2), elemental ratios (Fig-
ure 3), or ternary diagrams (Figure 4) clearly indicate a unique set of terrigenous sources to Sites U1428 and
U1429, examination of these figures collectively indicates:

1. Despite being a low-resolution record, the concentration of CaCO3 (wt. %) from the shipboard data
appears to decrease during glacial periods. The pattern of CaCO3 accumulation rate shows the same gen-
eral pattern, indicating that changes in CaCO3 concentration are not solely due to terrigenous dilution.

2. There is no clear relationship between variability in the terrigenous elemental ratios and bulk accumula-
tion rate, indicating compositional changes are decoupled from accumulation rate changes.

Figure 4. Bulk sediment samples plotted on ternary diagrams with end-member compositions. La-Th-Sc diagram indi-
cates mixing between mafic and felsic end-members. Rb-Th-Cr indicates two mixing arrays that skew toward Th,
respectively.

Figure 5. (left) Grain size proxy SiO2/Al2O3 ratio (g/g, blue line with closed circles) presented with relative sea level (black line) (Spratt & Lisiecki, 2016) over the last
450 kyr. Mean grain size (lm) from Zhao et al. (2017) (yellow line with open circles) and SiO2/Al2O3 are compared over the last 34 kyr. The y-axis is age (kyr) and
horizontal shaded regions indicate glacial periods (Lisiecki & Raymo, 2005). (right) Comparison of Bulk Accumulation Rate (BAR, g cm22 kyr21) and terrigenous con-
tribution (%). BAR is plotted as the solid black line. The end-member contributions are plotted to sum to 100%, with each color representing the sum of each end-
member contribution plus the end-members to the left. The total terrigenous fraction is dominated by the UCC-like end-member.
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3. There are some consistent patterns with depth and in ternary space, but mixing solutions are ambiguous
without additional investigation.

5. Provenance Assessment

Site U1428 records the broad trends in terrigenous accumulation (supporting information), so we focus
on the longer, higher-resolution record from Site U1429 in the following sections. We gathered more
samples from Site U1429 (n 5 58) compared to Site U1428 (n 5 23), so the statistical results are more
robust at Site U1429. In the subsequent statistical modeling, a consistent suite of elements was utilized.
The refractory elements selected for the provenance menu (Al, Ti, Sc, Cr, Rb, Th, and La) are not diageneti-
cally reactive (Taylor & McLennan, 1985), are commonly associated with different crustal components,
and therefore have been used in many previous provenance studies (Dunlea et al., 2015, and references
therein).

QFA based on this refractory element menu resulted in five significant terrigenous factors that explain 99%
of the variance of the data set. The results from the QFA are expanded upon in the supporting information.
The total number of factors determined from the QFA were used to inform the subsequent CLS multiple lin-
ear regressions. We first identified 23 potential end-members from the GEOROC database (supporting infor-
mation) that could fit the broad requirements indicated by the QFA. Then, using the CLS codes of Dunlea
and Murray (2015), tens of thousands of combinations involving 23 geologically probable end-member
compositions were tested (Table 1). We used possible end-members of varying composition including alu-
minosilicate upper continental sources (e.g., PAAS, UCC, Chinese Upper Continental Crust, multiple Chinese
loess sources from the loess plateau and major river drainage basins, and crustal components from South-
ern Japanese Islands), and more mafic sources (e.g., MORB, andesites, and certain appropriate Japanese vol-
canics including from the local Kyushu volcanoes Aira, Aso, and Ata). Goodness-of-fit parameters were
recorded for each CLS model iteration and the models that had the highest coefficients of determination
were identified (supporting information). This process of using every combination of five end-members

Table 1
References for Each End-Member are Listed in the Last Column

End-member Al (wt. %) Ti (wt. %) Sc (ppm) Cr (ppm) Rb (ppm) Th (ppm) La (ppm) Reference

Post-Archean Australian Average Shale (PAAS) 10.00 0.60 16.00 110.00 160.00 14.60 38.00 Taylor and McLennan (1985)
Upper Continental Crust (UCC) 8.04 0.30 11.00 35.00 112.00 10.70 30 Taylor and McLennan (1985)
Mid-Ocean Ridge Basalt (MORB) 7.78 1.01 39.80 249.00 2.88 0.40 5.21 Gale et al. (2013)
Chinese Loess (CL) 6.72 0.41 11.90 69.00 108.00 9.89 28.49 Taylor and McLennan (1985)
Luochuan Loess 6.48 0.40 10.84 70.60 93.98 12.36 33.15 Gallet et al. (1996); Chen et al. (1996)
Xiashu Loess 7.45 0.54 13.90 88.49 119.00 16.46 44.40 Chen et al. (2008); Hao et al. (2010)
Chinese Upper Crust 7.25 0.40 16.67 89.33 84.67 9.68 33.88 Gao et al. (1998)
Chinese Total Crust 7.22 0.42 16.67 86.67 71.33 7.80 32.48 Gao et al. (1998)
Kyushua 8.34 0.79 26.93 86.67 62.47 6.07 22.01 GeoRoc
Kyushu and surrounding islandsa 8.52 1.15 26.59 94.90 55.43 5.48 22.26 GeoRoc
Kyushu Volcanicsa,b 8.04 1.31 30.21 69.67 80.01 7.46 24.68 GeoRoc
Southern Honshua 8.07 0.62 16.34 82.27 70.42 8.40 36.27 GeoRoc
Southern Japanese Islandsa 8.69 0.44 27.45 43.17 46.01 3.88 13.15 GeoRoc
Ryukyu Arca 9.01 0.45 34.20 37.25 46.07 2.97 8.19 GeoRoc
Shikokua 8.07 1.00 26.68 111.42 54.00 8.74 24.73 GeoRoc
Yufu-Tsurumia 8.81 0.68 126.34 32.18 38.92 5.05 14.76 GeoRoc
Asoa 8.81 0.45 12.30 9.59 125.95 13.96 31.23 GeoRoc
Airaa 8.16 0.41 19.00 117.00 44.49 4.61 13.88 GeoRoc
Hiradoshimaa 8.70 0.65 26.70 258.93 48.05 4.73 23.53 GeoRoc
Itsuki Islanda 9.29 1.03 23.44 149.41 45.06 5.70 37.44 GeoRoc
Kaimon-dakea 9.49 0.67 28.80 10.00 17.90 1.89 11.10 GeoRoc
Okue-yamaa 7.73 0.34 10.35 11.00 166.83 12.90 36.95 GeoRoc
Ontakea 7.20 0.14 3.76 1.60 116.00 10.82 27.08 GeoRoc

aEnd-members are average compositions of whole rocks or bvolcanic material from various Japanese islands downloaded from GEOROC database accessed
January 2017 (http://georoc.mpch-mainz.gwdg.de/georoc/). Prior to averaging GEOROC data, extreme outliers were removed. End-member compositions are
over specified to minimize artifacts from rounding.
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Figure 6. Mass accumulation rates (MAR) of five end-members produced by the CLS models of terrigenous sediment
provenance (UCC: Upper Continental Crust, LL: Luochuan Loess, XL: Xiashu Loess, SJI: Southern Japanese Islands, KV: Kyu-
shu Volcanics). End-member MARs are plotted as 3 point moving averages (lines) and discrete sample accumulation rates
(points). Relative sea level (blue line) and glacial Marine isotopic stages (MIS) (shaded regions) are plotted for reference
(Spratt & Lisiecki, 2016).
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from this extensive list to identify the combination(s) that best fits the data allows the identification of the
most probable compositional end-members contributing to the bulk sediment.

Iterations resulted in several hundreds of potential CLS models. From the top 300 models, the best were
ranked, and subsequently selected, based on the highest sum of coefficients of determination. This selec-
tion process is described more fully in the supporting information. From the top �10 CLS models that best
fit the data set, the end-members were consistently UCC, Luochuan Loess, Xiashu Loess, and composite
end-members Kyushu Volcanics and Southern Japanese Islands (see supporting information). In the below
sections, the presence and significance of these sources are discussed.

5.1. Upper Continental Crust End-Member
Including generic Upper Continental Crust (UCC) in the end-member menu consistently produced model
outcomes with the highest goodness-of-fit and that explain 99% of the data set. This is geologically reason-
able due to the nearby position of Asia and potential fluvial erosion, and that this generic composition itself
is a compilation in its own right (Taylor et al., 1983). The inclusion of loess-like compositions in the construc-
tion of the UCC composite may complicate the ultimate determination of transport mechanisms (e.g., fluvial
versus eolian), however the models require that we use this end-member for the most robust results.
Throughout this record, UCC consistently contributes between 35 and 79% of the total terrigenous fraction.
The local maxima (or ‘‘peaks’’) in UCC contribution (weight %) occur between 18 and 45 kyr, 85 and 105 kyr,
130 and 150 kyr, 195 and 240 kyr, and 290 kyr to the end of the record at 400 kyr (Figure 5).

The UCC mass accumulation rate exhibits several local maxima between 18 kyr and 45 kyr, 85 and 95 kyr,
125 and 140 kyr, 160 and 168 kyr, 195 and 218 kyr, with an absolute maximum accumulation rate of 24 g/
cm2/kyr at 35 kyr. During the majority of this record, UCC mass accumulation rates typically ranges between
7 and 20 g/cm2/kyr (Figure 6).

5.2. Chinese Loess End-Members
Two different Chinese loess end-members were consistently in the models with the highest goodness-of-fit
parameters. The average compositional value from the well-characterized Luochuan Loess sequence was
consistently a statistically optimal end-member in the best fit models. In this model, Luochuan Loess may
represent a loess value from the Chinese Loess Plateau. Xiashu Loess, an epigenetic loess sequence from
the Yangtze River drainage basin enriched in Fe, Ti, and certain trace elements (e.g., Th, Zn, Ni, Cr, V) (Chen
et al., 2008; Gong et al., 1987) was also consistently a second loess end-member in the best fit models. The
inclusion of these two loess end-members does not necessarily imply a transport mechanism (e.g., eolian);
they are solely used for the ability of their chemical composition to explain statistical variability in the data
set. For example, material from terrestrial loess deposits in the Asian interior could be transported by rivers,
remobilized from the continental shelf, or indeed carried by winds prior to deposition at the locations of
Sites U1428 and U1429, or, of course, by combinations of these transport mechanisms. As will be addressed
in later sections, true eolian transported inputs are minimal and are not important relative to the significant
fluvial input. Regardless, these two loess compositions, sourced from different locations in the Asian interior,
are a strong, required presence in robust model outcomes.

The loess end-member contributions and mass accumulation rates exhibit variation over time. Luochuan
Loess contributes between 16 and 55% of the terrigenous fraction throughout this record, while Xiashu
Loess contributes 4–15% when present. Peaks in Luochuan Loess abundance in the bulk sediment occur
from present until 8 kyr, 16–25 kyr, 40–55 kyr, 70 kyr, 110 kyr, 135–160 kyr, and 185 kyr, with a general
increase in contribution from 16 to 25% contribution from 210 kyr until the end of the record (Figure 5).
There are several periods of gradually increasing Luochuan Loess accumulation between approximately 18–
45 kyr and 150–185 kyr, with the maximum accumulation rates of 22 g/cm2/kyr occurring at approximately
43 kyr and 155 kyr (Figure 6). The Xiashu Loess end-member is also variable over time, but exhibits a smaller
relative contribution than the Luochuan end-member.

When present, Xiashu Loess contributes to the terrigenous fraction between 25 and 35 kyr, 90 and 100 kyr,
125 and 140 kyr, 165 and 175kyr, 235 and 245 kyr, and 290 kyr to the end of the record (Figure 5). There are
several local maxima of the Xiashu Loess accumulation rate from approximately 30–35 kyr, 100–105 kyr,
130–145 kyr, and 175–180 kyr. Xiashu Loess reaches its maximum accumulation rate of 5 g/cm2/kyr at
approximately 140 kyr (Figure 6).
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5.3. Southern Japanese Island and Kyushu Volcanic End-Members
The CLS models with the highest goodness-of-fit also used combined end-members of Southern Japanese
Islands and Kyushu Volcanics. Again, this is consistent with the geological and geographic environment,
given the proximity of the Japan Arc. ‘‘Southern Japanese Islands’’ is a compilation of more felsic, granitic
crustal values from Kyushu, Shikoku, and other islands in the Ryukyu Arc, while Kyushu Volcanics is a compi-
lation of volcanic lavas, ashes, and basalts sourced from Kyushu. Included in this end-member are several
tephras used in tephra chronology, including several Aso, Aira, and Ata tephras (Ikehara, 2015). Both of
these end-members exhibited low concentrations through time, but are necessary requirements to model
the variability of the data set.

The source from the Southern Japanese Islands ranges between 1 and 23% of the terrigenous contribution,
while the Kyushu Volcanics range between 1 and 3% when present. Southern Japanese Islands input is found
from the present to 4 kyr, 18–30 kyr, 48–85 kyr, 100–135 kyr, 160–167 kyr, and 185 kyr until the end of the
record. Local maxima in Southern Japanese Islands contribution occur between 5 and 10 kyr, 50 and 75 kyr,
115 and 140 kyr, and 250 and 293 kyr (Figure 5). The mass accumulation rate of the Southern Japanese Islands
end-member increases between 55 and 75 kyr, 130 and 140kyr, reaching a maximum accumulation rate of
7 g/cm2/kyr at 65 kyr (Figure 6), from a background of approximately 2 g/cm2/kyr. Pulses in the mass accumu-
lation rate of this end-member help explain the depletions toward general crustal values seen in the Ti/Al
ratios (Figure 3).

The Kyushu Volcanics end-member appears in the record several times. This end-member contributes to
the terrigenous fraction between 85 and 100 kyr, 110 and 130 kyr, 155 and 165 kyr, 222 and 245 kyr, and
260 kyr to the end of the record. The Kyushu Volcanics end-member accumulation rate was consistently
less than 1 g/cm2/kyr through time, but is necessary to constrain the general enrichment in Ti/Al towards
mafic compositions through the record (Figure 3).

The total terrigenous fluxes are not directly linked to the same end-members through time, as Southern
Japanese Islands and Kyushu Volcanic end-members have a higher mass accumulation rate even at times
of lower total terrigenous accumulation rate. Southern Japanese Islands may represent fluvially trans-
ported crustal material from several southern islands in the Japanese archipelago and therefore reflect
changes in local/regional sediment supply. The Kyushu Volcanics end-member may represent a combina-
tion of airborne ashes, or fluvially transported volcanic material from the Japanese archipelago, separate
from processes on the Asian continent. Specifically, the Kyushu Volcanics end-member may trace activity
of the Aso Volcano on Kyushu, as the chemically and temporally well-characterized tephras Aso-1, Aso-3,
and Aso-4 are included in this end-member (Ikehara, 2015). Accumulation peaks in this end-member
occur approximately at the same time as these tephra deposits, and may also represent discrete and dis-
persed ash.

6. Geochemical Evolution of the East China Sea

There are multiple sources contributing terrigenous aluminosilicate material to the bulk sediment at Sites
U1428 and U1429. All five components are broadly similar in that they include upper continental crustal
composition(s), loess, and ash, and we reinforce that having the five distinct components is required by
both the QFA approach and the CLS linear regressions. We further emphasize that, even though some of
the end-member compositions are best approximated by loess compositions, such a determination does
not require an eolian pathway by which that loess composition arrives on the seafloor at Sites U1428 and
1429. Specifically, our approach alone cannot definitively differentiate direct deposition of eolian dust from
the fluvial transport of eroded terrestrial loess deposits.

Nonetheless, there are a number of different mechanisms that potentially could explain the changes
through time in the composition of the terrigenous component(s) as well as the flux(es) of the different
component(s). These include variability in the (1) strength and/or position of the Kuroshio Current, (2) pro-
portion of sediment supply from fluvial or eolian transport, or (3) shelf bypass processes, as discussed
below. Examining the changes in source composition, and the changes in absolute and relative fluxes, helps
to shed light on the climatically controlled inputs of terrigenous material to the East China Sea and potential
complications in climate reconstructions from fluvial-dominated sediment.
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6.1. Changes in Path and Intensity of the Kuroshio Current
We first consider the potential influence of changes in the Kuroshio Current to the sediment record at these
sites. There is limited agreement as to the path and intensity of the Kuroshio during glacial/interglacial sea
level change. Models either indicate deflection of the boundary current eastward of the Ryukyu Arc (Ujii�e &
Ujii�e, 1999), or suggest that the Kuroshio maintained a path through the ECS and along the shelf-break
(Dou et al., 2010). Paleoceanographic proxies suggest that the path of the Kuroshio followed the shelf-break
on the eastern edge of the Okinawa trough during glacial lowstands (Gallagher et al., 2015; Kawahata et al.,
2006; Lee et al., 2013), which may have limited shelf-bypass of sediment and deposition in deeper settings
east of the Okinawa Trough and continental shelf.

These Kuroshio processes may have contributed to changes in deposition at Sites U1428 and U1429, but
cannot be uniquely isolated with our current data set. Nonetheless, as will be seen in the following discus-
sions, we can explain the sedimentary record at these sites entirely considering only erosional, eolian, and/
or sea-level related depositional processes. While we cannot exclude that there are paired impacts from
changes in strength or location of the Kuroshio that are occurring simultaneously with these other climate-
related processes, there is no requirement to invoke such Kuroshio-related changes to explain the sedimen-
tary chemical record at Sites U1428 and U1429. Ongoing high-resolution scanning XRF studies of these
same sites may add to this discussion in the future.

6.2. Differentiating Fluvial and Eolian Transport
In this region, it is expected that dust fluxes would increase during glacial periods as vegetation in northern
China is more sparse, and the frequency of high-speed wind events and wind intensity may increase
(McGee et al., 2010; Nagashima et al., 2007). This is a difficult process to untangle, however, since much of
the terrigenous sediment that would be transported by wind is compositionally similar to material that
would be transported by rivers from the Asian interior, or transported through terrestrial eolian deposition
and remobilization, and possible fluvial reworking, before ultimate deposition in the ocean.

The most conservative interpretation is to consider that the generic UCC end-member, which contributes
more than 50 weight % of the terrigenous fraction, represents the primary fluvial component of terrestrial
material transported by the major Asian rivers that are, after all, quite nearby and are very large. Addition-
ally, the increase in dust deposition to the Asian interior may also influence sediment composition trans-
ported through the fluvial pathway. Increased dust deposition on the Chinese Loess Plateau may supply
loess-like material to the river systems, shifting the fluvial signal from UCC-like composition to more loess-
like.

For example, Zhao et al., (2017) identified a Yellow River end-member in the clay fraction of the sediment at
site U1429. This Yellow River end-member has an average LGM accumulation rate of 35.7 g/cm2/kyr, and
11.2 g/cm2/kyr during the Holocene. In our models, UCC accumulation rate during the LGM is 18 g/cm2/kyr,
and the accumulation rate of Luochuan Loess is 17 g/cm2/kyr. If we assume that both of these end-
members are transported by rivers and/or as the result of reworked loess in the Yellow River drainage basin,
our model estimate of accumulation (35 g/cm2/kyr) is in agreement with that of Zhao et al., (2017) for the
LGM. In the Holocene, our modeled average accumulation rates are higher—UCC at approximately 9 g/
cm2/kyr, 12 g/cm2/kyr for Luochuan, and 21 g/cm2/kyr total average accumulation—which coincides with a
change in grain size from clay to silt and an increase in mean grain size (Figure 5) (Zhao et al., 2017). The
coincident increases in SiO2/Al2O3 and UCC may indicate very fine grained turbidites. Differences in grain
size often indicate changes in distance between source and deposition location that may not be reflected
by the overall chemistry. The strong agreement between these two independent data sets using widely dif-
ferent methods to determine provenance gives increased confidence in our understanding of the system.
Additional discussion of grain size is continued in section 6.3.

During the LGM, the median accumulation rate of loess on the Chinese Plateau was 31 g/cm2/kyr (Kohfeld
& Harrison, 2003), and fluxes are expected to decrease with distance from this depositional region. In com-
parison, the accumulation rates of the modelled Luochuan and Xiashu Loesses at Sites U1428 and U1429
reach 17 g/cm2/kyr accumulation rates during the LGM. The values of � 31 and 17 g/cm2/kyr are neither
distinct enough from each other, nor close enough to each other, to make any substantive conclusion as to
whether the loess material found in the sediment is air-borne or eroded from terrestrial deposits. Additional
information is needed.

Geochemistry, Geophysics, Geosystems 10.1029/2017GC007339

ANDERSON ET AL. 2473



In this context, therefore, another approach is to compare the accumulation of the Luochuan and Xiashu
loess-like end-members to present-day dust fluxes to the region, and compare to estimations of glacial dust
fluxes. For example, Osada et al. (2014) measured present-day dry and wet dust deposition across Japan
and estimated that modern dust deposition accumulates at rates of 0.4 to 1.2 g/cm2/kyr. If we assume that
dust fluxes increased from two to four times the present fluxes during glacial periods (Hovan et al., 1989;
McGee et al., 2010), reasonable glacial dust deposition estimates would result in accumulation rates of �1
to 5 g/cm2/kyr. Given these estimates, therefore, the accumulation rate of the Luochuan Loess end-member
at Sites U1428 and U1429 (15–23 g/cm2/kyr) is likely too large to be explained by purely eolian deposition,
and at least a significant portion of it may be fluvially transported from the Asian interior. However, the
accumulation of Xiashu Loess is consistent with this estimate, reaching maximum accumulation rates of 4–
5 g/cm2/kyr at several glacial transition periods (Figure 6). Recall further that the Xiashu Loess end-member
is a relatively small fraction of the total terrigenous supply, consistent with a recent independent study at
this site (Zhao et al., 2017). The relatively small contribution of eolian material to the overall terrigenous
accumulation at this site highlights the high potential for inadvertently confusing transport mechanisms for
compositionally different sources despite similar assumptions of their own loess-like provenance.

6.3. Sea Level and Sediment Shelf Bypass
Pleistocene glacial cyclicity had a strong influence on sea level in the epicontinental seas of Asia (Bern�e
et al., 2002; Saito et al., 1998; Yoo et al., 2016). Global reconstructions of sea level during the Pleistocene
indicate sea level decreased as much as 2130 m relative to present sea level (RSL) during glacial periods,
and possibly rose to 120 m RSL during interglacials (Spratt & Lisiecki, 2016). The transgressions and regres-
sions of the paleo-sea level influenced sediment delivery to deep marine systems and may be recorded as
variability in sediment flux into the Okinawa Trough (Dou et al., 2010; Saito et al., 1998; Yoo et al., 2016).

While the local systematics are complex, the highstands, marked by increasing sea level, trap sediment
closer to the mouths of rivers and along the Asian continental shelf. During these times, while the sediment
accommodation space is large, a fine-grained sediment collects on the inner-continental shelf near the
mouth of the Yangtze River (Xu et al., 2012) as well as in the Bohai Sea and Yellow Sea near the mouth of
the Yellow River (Lim et al., 2006; Yoo et al., 2016). During glacial regressions, as sea level falls, the continen-
tal shelf is exposed and previously deposited sediment may be remobilized to deeper sediment systems as
the paleo-shoreline recedes and river mouths advance.

Although the low-resolution nature of our current study precludes quantitative time series analysis, the
records at Sites U1428 and U1429 document that the increases in total terrigenous flux in MIS 3 and MIS 6
precede minimum relative sea levels by several thousand years (Figure 6). This suggests that the potential
remobilization of continental shelf sediment during glacial lowstands causes maximum sediment fluxes dur-
ing the last stages of sea-level lowering rather than during the maximum lowstand itself. However, there is
no discernable peak in terrigenous flux during MIS 8 or 10, other periods of lowest sea levels, which may
indicate that multiple processes work in concert during the periods of the highest accumulation rates, or
that the system is currently in transition from one mode to another.

Furthermore, changes in shelf exposure related to sea level is consistent with advancement of the Yellow and
Yangtze rivers across the continental shelf toward the Okinawa Trough during glacial periods (Diekmann
et al., 2008; Dou et al., 2016; Oiwane et al., 2011). The advancement of these major river mouths would pre-
dominantly focus sediment supply from the paleo-Yellow River to the region of Sites U1428 and U1429 in the
Okinawa Trough, compared to the present when the sediment is trapped on the inner continental shelf (Xu
et al., 2012). This transport mechanism may be indicated by the cyclicity in UCC and Luochuan Loess end-
member accumulation rates, representing continental material (and in particular terrestrial deposits of loess)
transported by the Yellow River directly supplying sediment. The peaks in UCC and Luochuan accumulation
rates during interglacial periods (e.g., 65–80 kyr, 100–115 kyr, 175–185 kyr, and 290–320 kyr) may indicate
increased riverine flux, while sea levels were still relatively low compared to present (Figure 6).

Exposure of the Bohai, Yellow, and East China Sea continental shelves would also facilitate remobilization of
material through changes in the paleo-shoreline or eolian processes as sea level decreased during glacial peri-
ods. Reworking of these shelf deposits may cause increased accumulation rates of UCC and Luochuan Loess
during times of sea level change. It would, however, take several thousand years for the river mouths to
advance toward the shelf-break, and may increase the relative fraction of local material supply from the
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Southern Japanese Islands to these sites. We hypothesize that the maximum rate of sediment deposition at
this site is a reflection of maximum shelf exposure rate (as distinct from shelf exposure amount). As the conti-
nental shelf is newly exposed during periods of lower sea level, the maximum loss of shelf material reflects the
maximum rate of shelf exposure, and therefore the highest accumulation rates in this depositional system.

Small peaks (2–7 g/cm2/kyr) occur in the Southern Japanese Islands end-member during coincident times of
decreased UCC and Luochuan end-member accumulation and increased relative sea level. This is also mir-
rored in the LGM average Kyushu end-member accumulation rate identified by Zhao et al. (2017). Similar pat-
terns of increased Southern Japanese Islands end-member accumulation and the grain size proxy SiO2/Al2O3

(g/g) occur when relative sea level is also increased (Figure 5). This may reflect a shift to more localized sedi-
ment delivery of larger grain size (silts) from the Kyushu and the Japanese Archipelago, or fine-grained turbi-
dites. It is, however, difficult to discern sediment remobilized from the exposed shelf versus sediment
transported from terrestrial systems under shifting atmospheric and riverine conditions given our low tempo-
ral resolution.

The weathering signal may also be tied to changes in the hydrologic cycle in the Asian interior. Reconstruc-
tions of the Asian hydrologic cycle have focused on speleothems and paleosalinity records, in order to
probe variability in the Asian Monsoon system and therefore precipitation and riverine flux (Clemens et al.,
2010; Kubota et al., 2010). Chinese speleothem d18O records (e.g., Cheng et al., 2016) show clear preces-
sional variability and are interpreted as reflecting higher monsoon intensity during the precessional maxima
in local summer insolation. Planktonic d18O records from the South China Sea, possibly reflecting input
from the Pearl River, also show precessional variability over the last 350 kyr (Caballero-Gill et al., 2012). It is
unclear whether speleothem d18O records reflect local precipitation compared to upstream monsoon pre-
cipitation. Similarly, the planktonic d18O records may reflect changes in the d18O of river end-members
rather than in changes in volume of river inputs. If these records do reflect local precipitation, one would
predict higher fluvial outflow and sediment flux during precessional maxima. Due to coarse temporal reso-
lution, our sediment records do not exhibit clear precessional variability in terrigenous flux, which limit
direct comparison to the aforementioned speleothem records. Additional on-going work by our research
group on high-resolution XRF-scanning data may provide further information about this topic.

Given the body of previous research to investigate terrestrial and marine components recording the history
of the Asian Monsoon, large-scale climate processes may not be interpreted in a direct or straight forward
manner from similar, fluvial dominated sediments. Even with the low resolution record, it is clear that there
are limited glacial-interglacial climate signals in the terrigenous provenance at these sites that likely indicate
larger more complicated problems in reconstructions from fluvial sediments: influence from sea level
change and shelf storage, as well as global climate processes and localized monsoonal variability. These
processes also influence other fluvial deposition systems, so careful consideration is necessary to untangle
specific, localized climate history from fluvial deposits.

7. Summary and Conclusions

We analyzed major, trace and rare earth elements in 82 bulk sediment samples from IODP Sites U1428 and
U1429 in the East China Sea. We used multivariate statistical partitioning techniques to identify and quantify
five sediment source components in these samples. Via CLS modeling, our results indicate that UCC, Louchuan
Loess, Xiashu Loess, Southern Japanese Islands, and Kyushu Volcanics components are the end-members con-
tributing aluminosilicate material to the East China Sea. The statistical identification of these end-members does
not prescribe transportation mechanism, but interpretation is possible with other environmental records.

The physical changes to the local depositional environment through sea level, fluvial supply, eolian inputs,
shelf-bypass, and volcanic processes all likely combined to different degrees through time to influence the
record of terrigenous supply to Sites U1428 and U1429 during the last �400 kyr. Mass accumulation rates
of UCC and Luochuan Loess may reflect increased fluvial supply and reworking of loess-like material to
these sites. The grain size proxy SiO2/Al2O3 suggests several periods of increased grain size during intervals
of increased sea level or rapid changes in climate, which may indicate increased supply of localized, larger
grained sediment from the Japanese Islands. The Kyushu Volcanic end-member, while low in abundance,
may record several well-characterized eruptions of the Aso Volcano or other compositionally similar volca-
noes from the region. Higher-resolution studies via XRF in this region are necessary to answer key additional
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climate questions related to shorter lived changes in the processes influencing atmospheric and hydrologic
cycles in East Asia as related to the East Asian Monsoon.
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