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ABSTRACT: From a large number of case studies on terrestrial deposits we know that Late Holocene
climate fluctuations have an important impact on the terrestrial environments. However, it is hitherto
not clear how the marine sediments can be used to shed light on the environment and climate change of
the catchment. To provide such insight, we used the major element, trace element and rare earth ele-
ment (REE) compositions in the southern Yellow Sea (SYS) sediments to reconstruct the changes in
weathering and erosion of their source regions. The sediments originate predominantly from the upper
crust of East China and are transported into the basin especially by the Yellow River (Huanghe) and to
a lesser extent by the Yangtze River (Changjiang). The chemical index of alteration (CIA; 53.7-59.7)
suggests low chemical weathering of the source rocks since the Middle Holocene. This is consistent with
the relatively cool and arid climate in North China after the Holocene Megathermal. Comparison of
element ratios, including Al/Ca, K/Ca, Al/Na, K/Na, Rb/Sr, Li/Ba and the CIA shows that we can use
the latter as a robust proxy for climate change. The CIA-based mean annual precipitation and mean
annual temperature show a series of climate fluctuations in the catchment. A relatively warm and hu-
mid Period | (5.3-2.9 cal. ka BP), a relatively cool and dry Period Il (2.9-0.9 cal. ka BP) and an increa-
singly cool and dry Period 111 (0.9-0.3 cal. ka BP). These periods can be linked to climate intervals rec-
ognized elsewhere.

KEY WORDS: geochemical composition, elemental ratio, climate change, provenance, south Yellow

Sea sediment.

0 INTRODUCTION

The climate in central and northern China is mainly con-
trolled by the East Asian Summer Monsoon and the Sibe-
rian-Mongolia High Winter Monsoon (Wang and Lin, 2002;
Chen et al., 1991). As a result, cold and dry northwestern winds
from the subarctic prevail in winter. In summer, the region is
under the control of the warm humid southeastern winds of
tropical/subtropical origin, leading to abundant precipitation.
Although over the entire Holocene, climate was regarded as
stable (Schulz et al., 1998; Grootes and Stuiver, 1997; Dans-
garrd et al., 1993), at decadal or centennial scale, significant
climate change occurs, such as the Holocene Megathermal and
the Little Ice Age (e.g., Kong et al., 2014; Jin and Liu, 2002;
Dahl and Nesje, 1996; Porter and An, 1995; Harrison and
Digerfeldt, 1993; Shi et al., 1992). This is also evident for Chi-
na from the analysis of e.g., loess, peat and lake sediments
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(e.g., Morrill et al., 2006; Wang et al., 2004; Shi et al., 1999;
Gasse et al., 1991). However, it is hitherto not clear how these
changes influenced weathering and erosion at larger spatial
scales such as entire drainage basin.

The southern Yellow Sea (SYS) is located between China
mainland and Korea Peninsula. The sediments in SYS mainly
derive from the Yellow River, Yangtze River and Luanhe River
(Yang et al., 2003; Park et al., 2000; Milliman et al., 1985a, b ).
Analyses of the SYS sediments used to focus on provenance
(Youn and Kim, 2011; Yang and Youn, 2007; Qin et al., 1989;
Ren and Shi, 1986; Chough and Kim, 1981). However, recently,
environment and climate change have been inferred through
analyzing the sediment properties (e.g., grain size, geochemical
compositions, micropaleontology, magnetics) of the mud sedi-
ments in the middle and eastern Yellow Sea (Liu et al., 2009;
Xiang et al., 2008; Ge et al., 2005; Cheng et al., 2001; Kim and
Kennett, 1998). Sediments of the western shelf of the southern
Yellow Sea are mainly supplied by the Yellow and Yangtze rivers
(Alexander et al., 1991; Milliman et al., 1985a, b), so that they
contain information on environment and climate changes in the
catchments of these rivers, i.e., central and northern China.

Sediments of coastal shelf systems are mainly composed
of river-derived clastics. The composition of these clastics is a
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function of the source rock characteristics, chemical weathering,
sorting processes during transportation, sedimentation and
post-depositional diagenetic alterations (Nesbitt and Young,
1996; McLennan, 1989). Several of these factors are directly or
indirectly influenced by climate such as the chemical weather-
ing intensity (Goldberg and Humayun, 2010; Nesbitt and
Young, 1996), transportation, sedimentation and
post-depositional diagenesis (Gao et al., 2000; Alexander et al.,
1991; DeMaster et al., 1985). As such, chemical records of
marine sediments can be used to reconstruct not only prove-
nance but also climate change in the source regions (Youn and
Kim, 2011; Wang et al., 2007; Yang et al., 2004b), provided
the signals from the different sediment sources can be suffi-
ciently separated and no significant chemical weathering occurs
during transport and after deposition.

Elemental ratios, such as Rb/Sr, Li/Ba, K/Na and K/Ca, are
used to evaluate the intensity of chemical weathering in sediments
(Chen et al., 1999; Nesbitt and Young, 1982). In general, due to
weathering of parent rocks, the content of Na and Ca in the re-
sulting sediments is lower for the selective removal of these ele-
ments, while K and Mg increase for their easy adsorption by clay.
As a result, the inactive elements, such as Al and Ti, are enriched
in the residue (Das and Krishnaswami, 2007; Nesbitt and Young,
1996; Nesbitt et al., 1980). Therefore, the elemental ratios such as
Al/Na, Al/Ca, K/Na and K/Ca can be used to evaluate the intensi-
ty of chemical weathering with higher ratios reflecting stronger
weathering (Yang et al., 2004a).

Rb and Sr are typical dispersed elements, existing in rock
minerals in isomorphism form. Rb mainly occurs in K-bearing
minerals, such as biotite, muscovite, and potash feldspar, whe-
reas Sr occurs in Ca-bearing minerals. Since the K-bearing
minerals are more stable than the carbonates, during weathering,
Rb is kept in the source area whereas Sr is removed resulting in
a change of the Rb/Sr ratio (Goldstein, 1988). This mechanism
explains why in active and relict weathering profiles and
loess—paleosol sequences the Rb/Sr ratio in weathered debris
increases with weathering intensity (Chen et al., 1999; Dasch,
1969). Furthermore, in detrital particles Sr cannot exchange
with Sr in water to balance its concentration during transporta-
tion and deposition (Ingram and Sloan, 1992). The half life of
%7Sr is 4.88x10'" years so that decay of this isotope has no sig-
nificant influence on the Sr content on the time scale of millen-
nia. Therefore, the variation of Rb and Sr in Holocene sediment
primarily reflects weathering.

Usually, during the weathering processes, Li is kept in the
source area, whereas Ba is easily dissolved and transported so
that the elemental ratio of Li/Ba is also used as an index for
chemical weathering, whereby a higher ratio suggests a stronger
chemical weathering in the source area (Jia et al., 2005).

The chemical index of alteration (CIA) is used to quantify
the chemical weathering of the rocks, expressing the selective
removal of mobile elements such as Na, Ca, and K (Xiong et al.,
2010; Roy et al., 2008; Nesbitt and Young, 1982). The CIA
values of fresh rocks and minerals are <50 (Nesbitt and Young,
1982). CIA values between 50 and 60 indicate low chemical
weathering, reflecting a relatively cool and arid climate. Values
between 60 and 80 suggest moderate chemical weathering,
whereas values >80 are characteristic for intensive chemical

weathering in tropical and humid environments (Fedo et al.,
1995; Nesbitt and Young, 1982). In marine sediments, the CIA
may also be used as an index for environmental and climatic
change since it is not influenced by water dynamics and in
sediment cores changes in the CIA can be mainly attributed to
changes in the weathering of the source region(s) (Cole et al.,
2009; Hemming, 2007; Colin et al., 2006; Eisenhauer et al.,
1999; McLennan et al., 1990).

To shed more light on the correlation between climate and
environment, we analyzed sediments from the South Yellow
Sea to identify sediment sources, to evaluate the chemical
weathering intensities through time and to demonstrate climate
changes since the Middle Holocene for central and northern
China. The use of the elemental composition and elemental
ratios for reconstructing the environmental changes in river
catchment areas is a relatively new development.

1 SAMPLING AND METHODS
1.1 Sampling

Gravity-core D7 (33°34.7' N, 122°32.0" E) was obtained
from the western shelf of the SYS in October 2006 (Fig. 1).
The total core length is 81 cm. The sediment was sliced at 2 cm
intervals and stored in the refrigerator till analysis.

1.2 Geochemical Composition

Samples were dried in an oven at 60 °C for 24 h, homoge-
nized and subsequently finely ground in an agate mortar. For
each sample, 40 mg of powdered sediment were put into a Teflon
vessel and 0.6 mL HNOj; and 2 mL HF were added. Hereafter,
the vessels were sealed, and heated at 150 °C for 24 h. After
cooling, the vessels were opened to add 0.5 mL HCIO,, and the
samples were heated to almost dryness (no obvious liquid). After
that, 1 mL HNO; and 1 mL H,O were added the vessels were
sealed again and heated at 120 °C for 12 h. The final solution was
transferred to a polyethylene bottle and diluted to 40 mL. The
major elements were determined by ICP-AES (IRIS Intrepid II),
and the trace and the rare Earth elements (REE) were determined
by ICP-MS (DRC II). Precision and accuracy were assessed
through replicate analysis of national standards of marine
sediment (GBW07315 and GBW07316) and blanks. Analytical
uncertainties for major and trace (including REE) elements are
generally less than 3.5% and 8.2%, respectively.

1.3 Chronology

The age model of the core is based on the activity profiles
of the 2'°Pb and *’Cs as well as AMS'C of planktonic forami-
nifers in the two upper layers and of bulk organic matter in the
bottom layer, (Li et al., 2014). According to this model the
core bottom has an age of 5.25 cal. ka BP whereas the core top
has an age of 0.31 cal. ka BP. The age accuracy of the individ-
ual sample is about +56 years.

1.4 Statistic and Proxy Calculation
Principal component analysis (PCA) of all the elements
was performed to distinguish the factors controlling the distri-
bution of elements in core D7 sediments.
The CIA was calculated using the Eq. 1 proposed by
Nesbitt and Young (1982).
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Figure. 1 Sampling site of the South Yellow Sea.

CIA=A1,05/(A1,05+Ca0*+Na,0+K,0)*x100 (1)

Here, CaO* refers to the concentration of CaO in silicate
minerals. CaO* was measured according to McLennan (1993),
which assumes that the molar CaO/Na,O ratio of silicates is
not higher than one. If the molar CaO content (corrected for
apatite) was less than that of Na,O, it was taken as CaO¥*.
Otherwise, the CaO content of silicates was assumed to be
equivalent to the molar Na,O content (McLennan, 1993).

The chemical weathering intensity in the B horizon of
soil (have ages of 10°~10° yrs) can be used to estimate the
mean annual precipitation (MAP) and mean annual tempera-
ture (MAT) using geochemical climofunctions derived from
the modern North American soils (Egs. (2) and (4)) (Retallack,
2009; Sheldon et al., 2002). The ages of humin in the three
layers of Core D7 (4-6, 52-54 and 80-81 cm) are 14 058 +
111, 13 501 £ 54 and 13 163 £ 50 cal. ka BP (Lii et al., 2014).
These represent the ages of the paleosols because the humin is
the oldest fraction of soil (Yin et al., 2007). The result sug-
gests that the source soil of Core D7 sediment is from the B
horizon. Therefore, the chemical weathering intensity can be
used to reconstruct the MAP and MAT in the catchment.

MAP=221¢%1 7(C1A-K) R>=0.72 )

CIA-K=100%(mAl,0;/(mAl,Os+mCao+mNa,0))
(Maynard, 1992) 3)
MAT=-18.5%(Na,0+K,0)/AL,05+17.3 R=037 (4)

Here the (Na,O+K,0)/Al,0; refers to the molecular ratio.
2 RESULTS

2.1 Major Elements
Most of the major elements and compounds (Al,Os,

Fe,03, K,0, MgO, TiO, and MnO) show similar distribu-
tions for the investigated interval (Fig. 2), which we divided
into three periods: I, 5.25-3.05 cal. ka BP; II, 3.05-1.1 cal.
ka BP and III, 1.1-0.31 cal. ka BP. The concentrations of
major elements increase abruptly at first and then decrease
slowly during Period I. In Period II the overall increase is
superimposed by short-term fluctuations. Finally, in Period
III, the concentrations decrease again. The distribution of
CaO, Na,O and P,0s is different from that of Al,O;. The
content of CaO is relatively stable before 0.9 cal. ka BP, and
after that increases abruptly. The Na,O content increases
slowly during the investigated period. The P,Os content also
is relatively stable before 1.3 cal. ka BP, increases from 1.3
to 0.6 cal. ka BP, and decreases hereafter.

2.2 Trace Elements

On the basis of their temporal distributions the trace
elements have been divided into Group A, including Li, Rb
and Th; Group B, including Ba and U; and Group C includ-
ing Sr only (Fig. 3). In Group A, the element distributions
can be divided into the same three periods as defined above
for most of the major elements. In Group B, the element
distribution differs from that of Group A in which they have
the highest content at 1.1 cal. ka BP. The distribution of Sr
(Group C) is significantly different from those of the other
elements. The concentrations of Sr show little variation
throughout the core. They are highest in the core top.

2.3 REEs

For the composition and chronological distributions of
total rare earth elements (XREE) (Table 1 and Fig. 4), light
rare earth elements (LREE) were the principal component
and accounted for about 90.2%, (89.8% to 90.5%). The
chronological distribution of REE also follows the three pe-
riods defined above. The heavy rare earth elements (HREE)
differ from the LREE in showing a continuous decrease in
the upper layer but still follow the three periods in their
overall pattern. The LREE are dominated by the distributions
of Ce, La and Nd, while the HREE are dominated by Gd (Fig.
4).

2.4 Factor Analysis

Three factors could be extracted based on eigenva-
lues >1 (Table 2). Some elements show high scores for each
factor (Table 3), which suggest that each factor has marked
significance and the different element group is affected by
different environment parameter. The variance contribution
of factor 1 is 61.8% in primary factor extraction. The repre-
sentative elements for factor 1 are Li, Rb, Ba, Al,O3, Fe,0s,
K,0, MgO, MnO, TiO, and REE. The variance contribution
of factor 2 is 16.0%, which becomes 27.4% after rotating.
The representative elements for factor 2 are CaO, Sr,
Na,O and P,0s. The variance contribution of factor 3 is 8.1%,
which becomes 19.4% after rotating. The representative
element is P,Os.
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Figure 2. Chronological distribution of major elements in Core D7 in South Yellow Sea. Discontinuous line representing the average
content in Yangtze River sediment (CJS), black line representing the average content in Yellow River sediment (HHS) (Yang and Li,
1999b), dot line representing the average content in upper continental crust of East China (UCCEC) (Yan et al., 1997).
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Figure 3. Chronological distributions of trace elements in Core D7 sediment in South Yellow Sea. Discontinuous line representing
the average content in Young River (CJS), black line representing the average content in Yellow River sediment (HHS) (Yang et al.,
2003), dot line representing the average content in upper continental crust of east China (UCCEC) (Yan et al., 1997).
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Figure 4. Chronological distributions of REE in Core D7 sediment in South Yellow Sea. Dash line representing the average content
in CJS, black line representing the average content in HHS (Yang and Li, 1999a), dot line representing the average content in UC-
CEC (Yanetal., 1997).

2.5 MAT and MAP

The reconstructed mean annual temperature (MAT) ranges
from 6.8 °C to 9.1 °C, with an average of 8.2 °C in the research
epoch. The reconstructed mean annual precipitation (MAP) ranges
from 704 to 850 mm, with an average of 785 mm (Fig. 7).

3 DISCUSSION
3.1 Factor Analysis

Factor 1 with Li, Rb, Ba, Al,03, Fe,05, K,0, MgO, MnO,
TiO, and REE, we interpret as usual, representing the terrestrial
input of rock provenance for their relatively stable characteris-

tics (Nesbitt and Markovics, 1997; Nesbitt and Young, 1982).
Factor 2, with CaO, Sr, Na,O and P,Os, is related to marine
biogenic products and depositional conditions besides source
rock characteristics (Stoll and Schrag, 2000, 1998). The score
of factor 3 is relatively low, which suggests that the distribution
of P is affected by many factors, such as sediment source,
productivity and biogeochemical processes.

3.2 Sediment Provenance
Sediments from the western coast of the South Yellow Sea
have been regarded mainly as coming from the modern and old
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Table 1 Composition of REE in core D7 sediments in South Yellow Sea

Depth cal. kaBP | La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu LREE HREE YREE

(cm) (1950AD) (ng/g)

1 0.37 348 675 7.68 287 56 117 513 0.74 3.9 0.83 223 035 211 032 146 15.6 161
3 0.49 33.9 66 7.64 285 559 117 514 0.74 3.92 0.84 228 035 216 0.33 143 15.8 159
5 0.61 34 66.7  7.66 29 574 1.19 516 0.79 4.08 087 238 036 225 034 144 16.2 161
7 0.74 33.7 66 755 286 545 1.8 501 0.76 3.96 083 227 036 218 032 143 15.7 158
9 0.86 36.1 70.8 8.06 30.2 59 123 535 0.6 4.02 0.87 231 037 216 033 152 16.2 168
11 0.98 354 689 782 297 577 121 532 0.5 3.99 0.86 231 036 223 034 149 16.2 165
13 1.1 37.1 724 833 313 6.5 129 556 0.82 4.44 095 25 04 243 036 157 17.5 174
15 1.22 36 703 801 304 587 121 535 0.78 423 091 247 038 23 035 152 16.8 169
17 1.35 358 692 796 299 577 121 53 0.74 3.97 086 226 035 219 033 150 16 166
19 1.47 34 659 756 284 554 116 506 0.7 3.77 0.8 215 034 207 031 143 15.2 158
21 1.59 338 659 759 284 561 116 514 0.76 4.02 086 225 035 215 033 143 15.9 158
23 1.71 355 688 786 296 583 121 537 0.76 4.12 088 238 037 226 034 149 16.5 165
25 1.83 334 651 753 28.14 549 114 489 0.71 3.67 078 217 033 202 031 141 14.9 156
27 1.96 341 664 7.68 287 56 116 499 0.72 3.74 0.8 221 034 206 032 144 15.2 159
29 2.08 355 69.1 799 2985 582 121 519 0.5 3.89 083 23 035 214 033 149 15.8 165
31 22 334 652 744 279 549 115 5 0.74 3.89 082 219 035 207 032 141 15.4 156
33 232 328 634 734 274 538 1.13 492 0.73 3.96 0.84 223 036 218 032 137 15.6 153
35 2.44 323 631 726 276 554 1.1 498 0.7 3.69 0.78 211 033 2 0.3 137 14.9 152
37 2.57 347 668 7.68 289 561 116 508 0.74 3.85 08 217 035 21 0.31 145 15.4 160
39 2.69 31.8 61.8 7.08 269 523 111 483 0.7 3.67 079 21 033 205 03 134 14.8 149
41 2.81 31.9 615 7.11 27 527 1.1 481 0.69 3.67 078 213 032 202 03 134 14.7 149
43 293 338 657 7.61 284 556 115 498 0.75 3.79 08 216 034 206 03 142 15.2 157
45 3.05 337 657 747 281 553 1.12 497 0.73 3.88 0.83 223 035 218 032 142 15.5 157
47 3.18 349 683 785 296 583 122 52 073 3.99 0.86 231 037 218 032 148 16 164
49 3.3 351 683 7.88 295 583 1.19 528 0.73 3.92 0.84 229 036 22 033 148 159 164
51 3.42 344  67.6 775 29.1 575 116 511 0.74 3.85 0.82 222 035 212 032 146 15.5 161
53 3.54 351 686 7.88 294 582 117 53 077 4.03 085 232 037 222 032 148 16.2 164
55 3.66 34.6 67 775 289 578 1.19 521 0.75 4.08 088 237 037 229 033 145 16.3 162
57 3.78 344  66.8 7.69 288 57 L15 511 071 3.8 0.81 223 034 215 032 145 15.5 160
59 391 345 673 777 293 575 116 514 0.5 3.88 0.83 222 035 218 032 146 15.7 161
61 4.03 341 658 755 282 557 115 504 0.74 3.83 0.8 219 034 209 032 142 15.3 158
63 4.15 344 668 771 289 569 117 519 0.76 3.96 0.85 227 036 22 033 145 159 161
65 4.27 346 675 779 292 564 117 516 0.77 3.86 08 217 034 21 0.31 146 15.5 162
67 4.39 362 70.1 8.04  30.1 582 121 527 078 3.95 0.83 224 034 217 033 151 159 167
69 4.52 35.6 69 7.9 294 572 1.2 523 0.76 3.92 082 22 034 209 032 149 15.7 165
71 4.64 352 683 7.87 29.6 5.8 1.18 522 0.75 3.85 081 221 035 213 032 148 15.7 164
73 4.76 358 692 792 297 581 1.2 533 077 4.05 0.85 234 036 219 033 150 16.2 166
75 4.88 354 687 787 295 579 117 526 0.79 4 0.84 228 035 224 033 148 16.1 165
77 5 365 703 8.1 303 592 122 536 0.79 4.05 0.86 233 036 225 034 152 16.3 169
79 5.13 364 709 8.1 305 597 122 54 082 4.14 0.87 233 037 226 034 153 16.5 170
81 5.25 35 678 7.78 292 569 1.17 518 0.78 3.89 0.82 222 034 212 032 147 15.7 162
Average 346 673 773 29.1 569 118 516 0.75 3.93 0.84 226 035 216 032 146 15.8 161
C.V. 0.04 0.04 003 003 003 0.03 003 0.04 0.04 0.04 0.04 004 0.04 0.04 0.03 0.04 0.03
CJS 36.1 651 833 326 6.09 13 558 0385 4.71 098 256 037 223 033 150 17.6 167
HHS 29 539 7.07 267 499 1.04 465 075 3.92 0.84 223 035 205 031 123 15.1 138
UCCEC 33 64 7.3 28 5 1.12 44  0.67 4 0.8 23 034 22 033 138 15 153

C.V. coefficient of variance; CJS. Yangtze River sediment; HHS. Yellow River Sediment; UCCES. upper continental crust of east China. The REE data of CJS and
HHS from the paper of Yang and Li (1999a); the major elements data from the paper of Yang and Li (1999b); the trace elements data from the paper of Yang et al.
(2003); the elements data of UCCEC from the paper of Yan et al. (1997).
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Yellow River and being dispersed by coastal currents. They
have only a small contribution by the Yangtze River (Lee and
Chough, 1989). The coefficient of variance (CV) of the ele-
ments is very small (Table 4), which indicates that the prove-
nance has been relatively stable and suggests a continuous sin-
gle source input. The distribution of most elements in core D7
agrees with that of Yangtze River and Yellow River sediments
as well as the UCCEC except for CaO, P,Os, Ba, Sr, and Li
(Figs. 2, 3, 4). The lower contents of CaO, P,0Os, Ba and Sr
might be due to biologic activity in marine environment.

REEs are excellent to trace the sediment origin due to their
coherent behavior during weathering, erosion and fluvial
transportation as well as their high resistance to chemical mobi-
lization (Vital et al., 1999; Klaver and van Weering, 1993;
McLennan, 1992; McLennan and Taylor, 1980). The
UCCEC-normalized REE patterns at each layer are similar (Fig.
5), which indicates that the sediment is mainly from the same
origin throughout the core. The values of UCCEC-normalized
REE are near to 1, and between those of CJS and HHS, which
also suggests that the sediments of Core D7 are mainly from the
continental crust of East China. The concentration of REE in the
sediment is similar to the provenance which strongly suggests
that post-depositional processes, such as re-working and diage-
nesis, are not significant (Abanda and Hannigan, 2006). So, the
vertical distribution of elements may be used to reconstruct cli-
mate and environment of the sediment provenance.

3.3 Elemental Ratios

In Core D7 sediment, the CIA (53.7 to 59.7) suggests low
chemical weathering and is consistent with a relatively cool and
arid climate in northern China from the Middle Holocene (e.g.,

Kong et al., 2014; Wang et al., 2005; Xiao et al., 2002; Jin and
Liu, 2002; Shi et al., 1993). However, the short intervals with
lower CIA values indicate that still cooler and more arid events
occurred during this epoch, which has also been reported else-
where (e.g., Liu and Feng, 2012; Sicre et al., 2008).

The ratios of Al/Ca, K/Ca, Al/Na, K/Na, Rb/Sr, Li/Ba and
CIA show similar distribution patterns (summarized as periods
I to III) albeit with different amplitudes. Obviously, almost all
the ratios derived from Core D7 are higher than those of
UCCEC except for Al/Ca and K/Ca at the top of the core
(Fig. 6). This indicates that the chemical weathering influenced
the elements differently. The highest value of all the ratios at
5.13 cal. ka BP suggests that the chemical weathering was the
strongest in this period. However, the lowest ratio value is not
always at the same age. For Al/Na, K/Na, Li/Ba and CIA, the
lowest value is at 2.93 cal. ka BP, while for Al/Ca, K/Ca and
Rb/Sr ratio it is at the top of the core at 0.37 cal. ka BP. The
differences may reflect different chemical activities of Ca and
Na. Moreover, the mobility of Ca is higher than that of Na, so
that the lowest values of Al/Ca and K/Ca at the top of the core,
which are even lower than those of the UCCEC (Fig. 6), might
be due to another source of Ca, such as autogenic carbonate
input. The lowest Rb/Sr ratio, occurring at the top of the core,
may indicate that Sr occurs concomitant with carbonate, but the
effect is not as strong as on Al/Ca and K/Ca. Furthermore, al-
most all the element ratios correlate with each other with cor-
relation coefficients >0.69, which suggests a common process
influencing them. Considering that these are the CIA, Al/Na,
K/Na and Rb/Sr ratios, this process is most likely the chemical
weathering intensity of the East China (Table 5). Obviously,
the CIA has the predominant correlation with the element ratios

Table 2 Total variance explained of factor analysis on elements in Core D7 in South Yellow Sea

Component Initial eigen values Extraction sums of squared loadings Rotation sums of squared loadings
Total % of Cumulative Total % of Cumulative Total % of Cumulative

variance (%) variance (%) variance (%)

1 9.890 61.811 61.811 9.890 61.811 61.811 6.263 39.145 39.145

2 2.558 15.987 77.798 2.558 15.987 77.798 4.388 27.428 66.573

3 1.295 8.092 85.889 1.295 8.092 85.889 3.091 19.317 85.889

4 0.774 4.839 90.728

5 0.568 3.549 94.277

6 0.388 2.428 96.705

7 0.231 1.444 98.150

8 0.152 0.948 99.097

9 0.095 0.594 99.691

10 0.021 0.132 99.823

11 0.011 0.066 99.889

12 0.007 0.043 99.933

13 0.005 0.032 99.965

14 0.004 0.025 99.990

15 0.002 0.010 100.000

16 2.963E-16 1.852E-15 100.000

Extraction Method. principal component analysis.
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Table 3 Component matrix of factor analysis on elements in Core D7 in South Yellow Sea

Component matrix Rotated component matrix
Component
1 2 3 1 2 3

Li 0.961 -0.073 -0.177 0.840 0.405 -0.301
Rb 0.974 0.040 -0.122 0.822 0.495 -0.214
Sr -0.557 0.733 0.223 -0.521 0.111 0.784
Ba 0.819 0.112 0.370 0.391 0.786 -0.224
ALO3 0.973 0.022 -0.178 0.856 0.446 -0.216
CaO -0.479 0.747 -0.042 -0.288 -0.030 0.839
Fe O3 0.948 0.027 -0.279 0.903 0.361 -0.179
K>O 0.959 0.043 -0.209 0.867 0.424 -0.185
MgO 0.949 0.090 -0.242 0.884 0.411 -0.131
MnO 0.626 -0.489 0.263 0.274 0.372 -0.698
Na,O -0.256 0.671 -0.120 -0.074 0.015 0.724
P,0s 0.119 0.588 -0.544 0.480 -0.104 0.644
TiO, 0.906 0.107 -0.070 0.741 0.517 -0.145
LREE 0.772 0.330 0.459 0.311 0.904 -0.031
HREE 0.796 0.401 0.237 0.477 0.785 0.083
>REE 0.786 0.342 0.443 0.333 0.906 -0.020

Extraction method. principal component analysis; rotation methods: varimax with Kaiser normalization; rotation converged in 6
iterations; 3 components extracted.

Table 4 Average content of elements in core D7, CJS and HHS and UCCEC

Element  ALO; CaO Fe 03 K;O MgO MnO Na,O  P,Os TiO, Rb Sr Ba Li LREE HREE >REE

(%) (ng/g)
Core 1263 296 487 251 237 0081 211 0128 0733 109 138 382 527 146 15.8 161
cv 0.06  0.13 0.09  0.06 007 011 003 005 003 008 006 003 014  0.03 0.04 0.03
CJs 11.64 306 549 22291 0107 147 0.8 0982 115 147 473 45 150 17.6 167
HHS 986  3.88 335 195 1.84 0056 225 0131 0523 769 218 498 212 123 15.1 138
UCCEC 1475 478 207 295 231 0078 3.4 0137 0512 95 300 640 20 138 15 153

2.0

Core D7 sediment

REE/UCCEC

HHS

0.0 \ | | | | | \ | | | \ | \
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5. UCCEC normalized REE patterns at each layer of the Core D7 in South Yellow Sea, CJS. Yangtze River sediment; HHS.
Yellow River sediment (Yang and Li, 1999a).
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Figure 6. Vertical distributions of elemental ratios and CIA in Core D7 sediment in South Yellow Sea (the black line representing the

elemental ratios of upper continental crust of East China).

Table 5 Coefficient of correlation between different element
ratios (n=41, p<0.05)

Al/Na Al/Ca K/Na K/Ca Rb/Sr Li/Ba CIA
Al/Na 1 0.888 0996 0998 0938 0.791  0.997
Al/Ca 1 0.877 0.879 0941  0.688 0.894
K/Na 1 0997 0932  0.798  0.993
K/Ca 1 0.934  0.799  0.993
Rb/Sr 1 0.779  0.943
Li/Ba 1 0.796
CIA 1

except Li/Ba, which indicates that for our core the CIA is the
most representative and robust proxy to trace the chemical
weathering intensity.

3.4 Paleoclimate Implication

The reconstructed temperature is in the range of modern
mean annual temperature (6—13 °C) for the interval 1951-1990
in the catchment of the Yellow River (Hao and Guo, 2005).
The reconstructed MAP is higher than the current values in the
upper and middle river areas (150-500 mm * yr'), and com-
parable to those in the lower (550-650) part of the catchment,

especially the Shandong Peninsula (Hao and Guo, 2005; Fig. 7).

The results suggest that the CIA reflects the climate change in
the Yellow River catchment. The reconstructed MAT and MAP
seem to reflect the climate in different areas. This might be due
to the weak correlation between MAT and the K/Al and Na/Al
ratios (Sheldon et al., 2002). In any case, the calculated MAT
and MAP can still be used as proxies for climate change in the
sediment source areas.

The synchronous changes of the MAT and MAP records
(Fig. 7) suggest that the relatively higher precipitation is asso-
ciated with higher temperatures in the source region. This is
typical for the Asian monsoon system with warm-wet and
cool-dry seasons alternating. This system responds to the
Northern Hemisphere summer solar insolation, and as such our
results are consistent with stalagmite records from Southwest
China and peat records from the Tibetan Plateau (Wang et al.,
2005; Hong et al., 2003).

The wvertical distribution of the climate parameters
deduced from geochemical records in Core D7 shows three
intervals though which the variation is relatively low (Fig. 7).
In interval I (5.3-2.9 cal. ka BP), both MAT and MAP

increased quickly from 5.3 to 5.0 cal. ka BP, and decreased
slowly from 5.0 to 2.9 cal. ka BP. The warmest and most
humid stage around 5.0 ka may reflect the “Holocene opti-
mum” from 8.5-3.0 cal. ka BP (Selvaraj et al., 2007; Stott et al.,
2004; Haug et al., 2001).

In Period II (2.9-0.9 cal. ka BP), the fluctuations of MAP
and MAT indicate frequent monsoon change. The coldest and
driest climate occurred between 2.9-2.7 cal. ka BP, indicating
that the winter monsoon became stronger in this interval. The
result is consistent with the 6'%0 records from GISP2 (Fig. 7¢)
and Okinawa Trough sediments (Fig. 7d) (Chang et al., 2008;
Stuiver et al., 1997, 1995). There was a relatively warm and
humid episode around 1.1 cal. ka BP, which is consistent with
the Medieval Warm Period in the Northern Hemisphere (Fig. 7)
(Stott et al., 2004; Haug et al., 2001).

In Period III, (0.9-0.3 cal. ka BP), both MAT and MAP
decreased gradually, suggesting a trend to colder and drier
conditions.

4 CONCLUSIONS

After thorough studies on major elements, trace elements and
REE in Core D7 from the southern Yellow Sea, we conclude that:

(1) The sediments in Core D7 are mainly from the upper
crust of eastern China from which they were carried by the
Yellow River and Yangtze River to the location of D7, with the
Yellow River input dominating.

(2) The strong covariance of the element ratios, including
Al/Ca, K/Ca, Al/Na, K/Na, Rb/Sr, Li/Ba and CIA, throughout
the core suggests that they are modified by the same process,
which we identify as chemical weathering in the sediment
source region.

(3) In our study, the CIA appears to be the most robust
proxy for tracing climate change. It indicates a cool and arid
climate in North China for the investigated interval. The recon-
structed MAP and MAT derived from the CIA index indicate
that temperature and precipitation increase and decrease syn-
chronously, driven by the relative intensities of the summer and
winter monsoons. The reconstructed precipitation and temper-
ature show three intervals: I, 5.3-2.9 cal. ka BP, II, 2.9- 0.9
cal. ka BP and III, 0.9-0.3 cal. ka BP which can be related to
major climatic periods described for North China and else-
where since the Middle Holocene.

The element ratios in alluvial fan sediments appear to be
powerful tools to evaluate the climate and environment change
in the catchment area.
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Figure 7. Comparison of mean annual precipitation (MAP) (a) and mean annual temperature (MAT) (b) from geochemical climo-
functions with the 8'*0 distribution in GISP2 (c) (Stuiver et al., 1997, 1995) and the mean annual SST from Okinawa Trough sedi-

ment (d) (Chang et al., 2008).
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