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Abstract

Secular variations in geochemistry and Nd isotopic data have been documented in sediment samples at ODP Site
1148 in the South China Sea. Major and trace elements show significant changes at ca. 29.5 Ma and 26^23 Ma,
whereas ONd values show a single change at ca. 26^23 Ma. Increases in Al/Ti, Al/K, Rb/Sr, and La/Lu ratios and a
decrease in the Th/La ratio of the sediments beginning at 29.5 Ma are consistent with more intense chemical
weathering in the source region. The abrupt change in Nd isotopes and geochemistry at ca. 26^23 Ma coincides with a
major discontinuity in the sedimentology and physical properties of the sediments, implying a drastic change in
sedimentary provenance and environment at the drill site. Comparison of the Nd isotopes of sediments from major
rivers flowing into the South China Sea suggests that pre-27 Ma sediments were dominantly derived from a
southwestern provenance (Indochina^Sunda Shelf and possibly northwestern Borneo), whereas post-23 Ma sediments
were derived from a northern provenance (South China). This change in provenance from southwest to north was
largely caused by ridge jumping during seafloor spreading of the South China Sea, associated with a southwestward
expansion of the ocean basin crust and a global rise in sea level. Thus, the geochemical and Nd isotopic changes in the
sediments at ODP Site 1148 are interpreted as a response to a major plate reorganization in SE Asia at ca. 25 Ma.
B 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Cenozoic was a period of major tectonic
activity in SE Asia and the SW Paci¢c, which had
a signi¢cant impact on the landforms, climates,
and life in the region [17]. The collision of India
with Eurasia in the early Cenozoic closed the
Tethyan ocean [1^3] and enlarged the land area
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of SE Asia. Continued convergence of India and
Eurasia created the Tibetan Plateau by crustal
shortening and thickening [4^7] and led to the
southeastward crustal extrusion that caused the
opening of the South China Sea (SCS) [8^11]. Up-
lift of the Tibetan Plateau most likely strength-
ened the Asian monsoon, thereby increasing the
erosion rate and the £ux of £uvial and eolian sedi-
ment into the Asian marginal seas [12^15].

In the middle to late Cenozoic, a series of major

tectonic events occurred in SE Asia and the SW
Paci¢c, such as the collision of New Guinea with
the East Philippines^Halmahera^South Caroline
Arc system, of Australia with SE Asia, of the
Ontong Java Plateau with the Melanesian arc,
and the arc^continent collision in Taiwan [16,
17]. These events signi¢cantly changed the char-
acter of plate boundaries in much of SE Asia
and in£uenced the development of landforms and
life in the region.

Fig. 1. Sketch bathymetric map of the SCS and surrounding regions showing sample locations including ODP Site 1148 (large
solid dot), surface sediments from rivers and continental shelf and slope (small solid dots), sediments from petroleum exploration
wells (small open circles) and a ferromanganese crust (solid diamond). The onshore relief is shown by a shaded topographic im-
age with the extent of modern drainage of large rivers. Numbers near the sample locations are measured ONd values.
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Although tectonic activity and climate are
clearly linked, the relationship between the two
is complex and poorly understood. The marine
sediments that ¢ll the marginal seas of SE Asia
were mostly derived from a number of large rivers
that drain the Asian interior. Thus, these marine
sediments should provide an ideal record of the
erosional response to mountain building and cli-
mate change in Asia.

Sediments of the SCS were sampled during
ODP Leg 184 in 1999. A continuous core
859.5 m long was recovered at ODP Site 1148
(18‡50.17PN, 116‡33.94PE), which is located on
the distal passive margin of South China (Fig.
1). The oldest sediments at this site were deposited
about 3 Myr prior to the onset of sea£oor spread-
ing in the SCS [18]. In order to explore the rela-
tionship between the tectonics, climate, and ero-
sion in Asia since the opening of SCS, we

conducted a systematic study of major and trace
elements and Nd isotope compositions in the sedi-
ments recovered at ODP Site 1148.

2. Sedimentology of the drilled section

The sediments cored at ODP Site 1148 range in
age from 32.8 Ma to the present [18]. The Lower
Oligocene (32.8^28 Ma) section extends from the
base of the hole at 860 mcd (meters composite
depth) to 488 mcd, and consists predominantly
of monotonous gray-green, quartz-rich nannofos-
sil clay. Abundant opal-CT, which occurs in the
sediment between 630 and 486 mcd [19], is of
biogenic origin based on the presence of signi¢-
cant amounts of siliceous organic debris [20]. The
Upper Oligocene section (28^23 Ma) contains a
slump unit about 30 m thick between 458 and

Table 1
Biostratigraphic datum of planktonic foraminifera for sediments at ODP Site 1148

Code Datum Event Depth Age
(mcd) (Ma)

PF Pink G. ruber 16.11 0.12
PM B/M boundary 57.36 0.78
PM Top Jaramilo 71.26 0.99
PM Base Jaramilo 75.16 1.07
PM Top Olduvai 113.56 1.77
PM Base Olduvai 120.66 1.95
PF FO G. truncatulinoides 124.42 2
PF LO G. miocenica 131.37 2.3
PF LO G. altispira 160.24 3.09
PF LO S. seminulina 162.54 3.12
PF Pulleniatina (S^D) 174.04 3.95
PF LO G. nepenthes 175.90 4.2
PF FO S. dehicene 191.33 5.54
PF FO G. tumida 201.44 5.82
PF LO G. mayeri 277.56 10.49
PF FO G. nepenthes 287.11 11.19
PF FO Orbulina 316.53 15.1
PF FO G. praescitula 383.85 18.5
PF LO P. kugleri 417.53 21.5
PF FO G. dehiscens 456.51 23.2
PF FO P. kugleri 461.93 23.8
PF FO P. pseudokugleri 477.73 25.9
PF LO P. opima opima 482.53 27.1
PF LO C. cubensis 490.66 28.5
PF FO G. angulosuturalis 595.75 29.4
PF LO Pseudohasterigerina spp. 699.10 32

Base 859.51 6 33.7

PF = planktonic foraminifera; PM = paleo-magnetostratigraphy; FO = ¢rst occurrence; LO = last occurrence.
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488 mcd. This unit, which consists mainly of nan-
nofossil clay, was produced by mass £owage and
slumping followed by gravitational redeposition.
The Miocene and younger sections consist mainly
of green-gray hemipelagic sediment with a de-
creasing content of biogenic carbonate upwards.
A detailed description of the sedimentation at
ODP Site 1148 is provided by Wang et al. [18].

3. Analytical methods

The sediment samples were leached with 1 M
HCl to separate the residual fraction of alumino-
silicates (containing undissolved opal, if present)
from the biogenic/authigenic fraction of carbon-
ate, organic matter and Fe^Mn oxyhydroxides
[21]. The residual, aluminosilicate fractions were
used for geochemical and Nd isotopic analysis.
About 50 mg of sample was dissolved in screw-
top Te£on beakers using a mixture of HF+HNO3

for 7 days at 100‡C. This technique typically re-
sults in complete digestion of clay samples. Any
lack of digestion can be easily detected from the
relative standard deviation (RSD) values of the
analyzed elements. If the samples are not com-
pletely digested, for example, if minute zircon
grains are present, the RSD values will be very
high (s 10%) for Zr and Hf.

Major oxides (except SiO2) and trace elements
were determined using a Varian Vista PRO ICP-
AES and a Perkin-Elmer Sciex ELAN 6000 ICP-
MS, respectively, at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences. Cd
and Rh internal standard solutions were used to
monitor drift for the ICP-AES and ICP-MS anal-
yses, respectively. The analytical precision is gen-
erally better than 1^2% for major elements and 1^
3% for trace elements, including rare earth ele-
ments (REE) and refractory elements, such as
Zr, Hf, Nb, and Ta. Relevant analytical details
are described by Li et al. [22].

Nd samples were prepared by passing solutions
through a cation column and then an HDEHP
column. Nd isotopic compositions were deter-
mined using a Micromass Isoprobe multi-collec-
tor mass spectrometer (MC-ICPMS) at the
Guangzhou Institute of Geochemistry. The MC-

ICPMS was operated in static mode, and yielded
143Nd/144Nd = 0.512125 T 11 (2c) on 14 runs for
the Shin Etsu JNdi-1 standard. Analytical proce-
dures followed those of Liang et al. [23] modi¢ed
after Vance and Thirlwall [24]. The 143Nd/144Nd
ratios reported in this study are adjusted relative
to the Shin Etsu JNdi-1 standard value of
0.512115 corresponding to the La Jolla standard
value of 0.511858 [25]. A table of the geochemical
and Nd isotopic data is presented in Appendix 11.
Age assignment for the sediments follows Wang et
al. [18] and the revised biostratigraphic datum of
planktonic foraminifera (Table 1). Some ages
were interpolated between biostratigraphic data
points using the average sedimentation rate.

4. Secular variation of geochemistry and Nd
isotopes

Fig. 2 shows secular variations in the abun-
dance of selected elements. All the elements, re-
gardless of their geochemical behavior, show a
remarkable jump in abundance at 477^455 mcd
(ca. 26^23 Ma), with Ti, Rb, Zr, Nb, Ce, Sr,
and Th increasing signi¢cantly by a factor of 2^
7. Less pronounced shifts in concentration are
shown for Ga, Ti, Rb, and Sr at ca. 600 mcd
(ca. 29.5 Ma).

Fig. 3 shows the secular variation of several
element ratios and Nd isotopes along with the
mass accumulation rate (MAR). The Al/Ti, Al/
K, Rb/Sr, La/Lu, and Th/La ratios display two
remarkable shifts at ca. 600 mcd and 477^455
mcd. These two shifts generally coincide with
two signi¢cant changes of the MAR.

Below 450 mcd (i.e., between 32.8 and 22.9 Ma)
the MAR £uctuated signi¢cantly. During the pe-
riod of rifting and sea£oor spreading, MAR de-
creased rapidly from about 50 g/cm2/kyr at the
base of the section (ca. 32.8 Ma) to 6 g/cm2/kyr
at 630 mcd (30 Ma). During this time most ele-
ments and element ratios were roughly constant,
or increased somewhat (Figs. 2 and 3). With the
onset of sea£oor spreading at 30 Ma, the MAR

1 See the online version of this paper.
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Fig. 2. Secular variations of abundance for selected elements.
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increased from 6 g/cm2/kyr at 630 mcd to about
20 g/cm2/kyr at 589 mcd, whereas most element
ratios increased abruptly at 600 mcd (ca. 29.5
Ma). The MAR remained high and constant
(about 20 g/cm2/kyr) between 589 and 497 mcd
(29.3^28.5 Ma), and then decreased again to
0 g/cm2/kyr at 477 mcd (ca. 26 Ma). This quick
decrease in the MAR coincides with development
of the slump unit and with marked changes in
sedimentology, physical properties, geochemistry,
and Nd isotopes of the sediments.

The abrupt change in geochemistry takes place
mostly between 477 mcd (ca. 26 Ma) and 455 mcd
(ca. 23 Ma). For example, the Al/K, Th/Cr, Th/
La, La/Lu, and Al/Ti ratios change markedly
across an interval of high variability between
477 and 455 mcd (ca. 26^23 Ma) (Fig. 3). The
zone of high variability slightly postdates the
development of the slump unit at 488 mcd
(ca. 28 Ma) and the sharp decrease in MAR at
497 mcd (28.5 Ma), but coincides exactly with the
lowest MAR at 477 mcd. In contrast, the ONd

values £uctuate signi¢cantly but show only a
steady decrease from 310 at 480 mcd to 313 at
460 mcd.

5. Geochemical response to increased weathering
at ca. 30 Ma

The geochemistry of clastic sediments is con-
trolled by numerous factors, such as provenance
composition, chemical weathering, hydraulic sort-
ing, diagenesis, and alteration [26]. Alkali and al-
kaline earth elements, which are concentrated in
rock-forming minerals, such as Rb and K in
K-feldspar and biotite and Sr in plagioclase, are
chemically mobile in sedimentary environments
[27]. Thus, the Rb/Sr and Al/K ratios of lithogen-
ic residual fractions are good indicators of the
degree of weathering. In contrast, high-¢eld-
strength (HFS) elements, such as Ti, Zr, and
Nb, which are concentrated mainly in accessory
heavy minerals, are chemically immobile.

A recent study of element mobility during
weathering of granodiorite by Nesbitt and Mar-
kovics [28] showed that both Th and Al are mo-
bilized during chemical weathering. Weathered

samples in this study all had Al/Ti and Th/Ti
ratios about 50% and 100% higher, respectively,
than the fresh parent granodiorites. On the other
hand, all weathered samples, regardless of their
degree of weathering, had similar Al/Ti and Th/
Ti ratios. REE appear more mobile than Th, but
have a relatively complicated behavior. Weakly to
moderately weathered samples are signi¢cantly
enriched, twofold to threefold, in total REE con-
tent but have nearly identical La/Lu ratios as the
parent rock. Strongly weathered soil displays
somewhat lower total REE contents, but signi¢-
cantly higher La/Lu ratios, than the parent rock.
The weathered soils generally have lower Th/La
ratios than the parent rock, because Th is less
enriched than La during weathering. Some work-
ers believe that the chemically immobile HFS el-
ement ratios of clastic sediments can be used as
tracers of the sedimentary sources [26], but these
HFS elements can be a¡ected by non-chemical
processes such as hydraulic sorting. In general,
it is di⁄cult to deduce the sedimentary prove-
nance simply from the geochemistry of sediments.
On the other hand, the Nd isotopic composition
of sediments is considered an ideal tracer of sedi-
mentary provenance [29] because it is a ¢ngerprint
of the source materials, una¡ected by either
weathering or sedimentary processes.

The ¢rst geochemical discontinuity in the sedi-
ments at ODP Site 1148, at about 600 mcd, shows
a signi¢cant increase in most element ratios, par-
ticularly Al/Ti, Rb/Sr, La/Lu, and Al/K (Fig. 3).
These ratios increase by a factor of about 1.5^3
whereas the Th/La ratio decreases by a factor of 2
(Fig. 3). Unlike element concentrations that could
be diluted by opal in the residual fractions, these
element ratios would be una¡ected. The changes
in element ratios at about 600 mcd, combined
with insigni¢cant changes of HFS element abun-
dances, most likely re£ect an important change in
the nature or degree of chemical weathering in the
source regions at ca. 29.5 Ma. A signi¢cant prov-
enance change at about 600 mcd is unlikely be-
cause there is no signi¢cant change in the Nd
isotopic composition across this discontinuity.

Signi¢cant increases in Al/K and Rb/Sr ratios,
which are measures of chemical weathering, be-
tween 600 and 477 mcd suggest more intense
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Fig. 3. Secular variations of selected element ratios and Nd values as well as the mass accumulation rate (MAR) [18]. The
ONd values of Clift et al. [19] are plotted as open circles for comparison.
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chemical weathering in the source region [27]. The
increase of Al/Ti and decrease of Th/La ratios
between 600 and 477 mcd also suggest more in-
tense weathering, as does the two-fold increase in
the La/Lu ratio at 600 mcd. There is no signi¢cant
change in REE abundance at 600 mcd, but there
is a slight decrease in REE abundance (such as
Ce, Fig. 2) between 600 and 477 mcd.

The more intense weathering inferred at 29.5
Ma roughly coincides with the initiation of sea-
£oor spreading in the SCS at Chron 11 (30 Ma)
[10,30] as shown by the sharp change of MAR at
about 630 mcd (Fig. 3). The relationship, if any,
between these two events is unknown.

Although many researchers have proposed that
rapid uplift of the Tibetan Plateau at ca. 10^8 Ma
[12,31,32], or more recently [33], or in multiple
stages [15] strengthened the monsoon and
changed the climate of Asia, the geological e¡ects
of this change are unclear. An alternative hypoth-
esis, proposed by Ramstein et al. [34], is that
monsoon development coincided with the closure
of Paratethys in central Asia at ca. 30 Ma, i.e.,
much earlier than uplift of the Tibet Plateau. All
we can say at the present time is that the geo-
chemical changes observed in the SCS at 29.5
Ma support an increase in the intensity of chem-
ical weathering in the source region.

6. Nd isotopic response to the provenance change
from the south to the north at ca. 26^23 Ma

The most pronounced geochemical change in
the SCS sediments is recorded between 477 and
455 mcd (ca. 26^23 Ma). In addition to marked
changes in element concentrations and element
ratios, there is an abrupt decrease in ONd from
310 to 313 (Fig. 3). This geochemical and Nd
isotopic change corresponds closely to signi¢cant
changes in the physical properties of the sedi-
ments, particularly color re£ectance, natural Q-ra-
diation, magnetic susceptibility, porosity, and
density [18]. This major discontinuity corresponds
approximately to the ‘slumped unit’ and the ‘Late
Oligocene unconformity’ at Site 1148 [18],
although the ‘slumped unit’ occurred ca. 2 Ma
earlier than the geochemical and Nd isotopic

shifts. This discontinuity clearly marks a major
geologic event at ca. 26^23 Ma, which signi¢-
cantly changed both the sedimentary environment
at ODP Site 1148 and the provenance of the sedi-
ments.

Clift et al. [19] recently reported preliminary Nd
isotopic analyses for the 6 2 Wm clay fraction of
18 samples at Site 1148. Their results show a sim-
ilar temporal variation pattern to that reported
here. They compared the Nd isotopic composition
of sediments with that of possible source rocks in
continental Asia and concluded that South China
was the major sediment source.

However, there are some di¡erences in the Nd
isotopic results reported by Clift et al. [19] and
those presented here. First, due to lower-resolu-
tion analyses, their data show a gradual, rather
than abrupt change at ca. 470 mcd. More impor-
tantly, the 143Nd/144Nd ratios reported by Clift et
al. [19] are about 0.02^0.03% (2^3 ONd units) high-
er than ours for given samples or given depths.
These di¡erences most likely re£ect analysis of
di¡erent sediment size fractions. Clift et al. [19]
analyzed only the clay fraction (6 2 Wm) whereas
we analyzed the bulk aluminosilicate fraction.
Marine sediments contain both detrital and authi-
genic clay minerals and the latter have Nd iso-
topic compositions that equilibrated with sea-
water [35]. As an example, we analyzed a
ferromanganese crust from the central SCS and
obtained a 143Nd/144Nd ratio of 0.512410 T 7, in-
dicative of the Nd isotopic composition of mod-
ern SCS seawater. This value is comparable with
the modern Paci¢c Ocean seawater values of
0.5124^0.5126 [36], but signi¢cantly higher than
those of the residual, aluminosilicate fraction of
sediments at ODP Site 1148. Thus, the Nd iso-
topic di¡erence of about 0.02^0.03% (2^3 ONd

units) between clay fraction [19] and bulk alumi-
nosilicate fraction (this study) is mostly attributed
to the relative proportion of authigenic clay in the
analyzed fractions. Our grain size analysis indi-
cates that the 6 2 Wm clay fraction is about 10^
20% in the sediments at Site 1148. Thus, the au-
thigenic clay with a seawater 143Nd/144Nd ratio of
0.51241 constitutes a much higher proportion
(30^60%) of the clay size fraction than of the
bulk aluminosilicate fraction (6 5^10%). Appar-
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ently, the bulk aluminosilicate fraction yields
143Nd/144Nd ratios slightly higher (6 0.5^1 ONd

unit) than the average Nd isotopic composition
of the sediment source material provenance,
whereas the bulk clay fraction has a composition
at least 2^3 ONd units higher than that of the
source.

Proper estimation of the Nd isotopic variation
of possible sources is fundamental for Nd isotopic
provenance analysis. For a given source terrane,
such as South China, the exposed rock types have
a wide range of Nd isotopic compositions [37],
with Nd model ages (TDM) ranging from Archean
to Neoproterozoic corresponding to the present-
day ONd values of about 0 to 325. Rock types

exposed within the modern Pearl River drainage
(Fig. 1) include Proterozoic to Cenozoic igneous
and sedimentary rocks, which also have a wide
range of Nd isotopic compositions. This wide
range of values contrasts signi¢cantly with the
assigned narrow range of 39 to 311 for South
China [19]. An alternative approach of estimating
the average Nd isotopic composition of a source
terrane is to analyze particulates and sediment
from major rivers that drain an ‘average’ exposed
continental crust [36,38]. In this study, we ana-
lyzed Nd isotopic ratios for sediments supplied
to the SCS, including those from the Gau-Pin
River in southwestern Taiwan, the Pearl River,
the Pearl River Mouth basin, the South China

Table 2
Nd isotopes for sediments around SCS and a ferromanganese crust from central SCS

Sample Location Age 143Nd/144Nd ONd

Gau-Pin River (SW Taiwan)
E213 22‡53.8PN, 120‡28.7PE Quaternary 0.512006 T 10 312.3
E230 22‡53.8PN, 120‡28.7PE Quaternary 0.511989 T 9 312.7
E242 22‡53.8PN, 120‡28.7PE Quaternary 0.511985 T 6 312.7
NE South China Sea
79-38 21‡32.00PN, 119‡48.00PE Modern-day 0.512029 T 8 311.9
Pearl River Mouth
LDY-1 22‡14.4PN, 113‡35.4PE Modern-day 0.512037 T 9 311.7
LDY-2 22‡14.4PN, 113‡35.4PE Modern-day 0.512033 T 6 311.8
LDY-3 22‡14.4PN, 113‡35.4PE Modern-day 0.512029 T 7 311.9
Pearl River Mouth basin
ODP1144A05H01W45-50 20‡03.18PN, 117‡25.14PE Quaternary 0.512049 T 7 311.5
ODP1144A09H01W45-50 20‡03.18PN, 117‡25.14PE Quaternary 0.512055 T 7 311.4
ODP1144A15H01W45-50 20‡03.18PN, 117‡25.14PE Quaternary 0.512067 T 8 311.1
LH19-4-1/1685 Zhu3 depression Miocene 0.512021 T 8 312.0
LH19-4-1/1706 Zhu3 depression Miocene 0.512006 T 8 312.3
LH19-4-1/1760 Zhu3 depression Miocene 0.512027 T 9 311.9
PY33-1-1/3450 Zhu3 depression Oligocene 0.512003 T 8 312.4
NW South China Sea
83-18 18‡0.03PN, 111‡59.13PE Modern-day 0.512043 T 7 311.6
13-1-8/2987 Qiongdongnan Basin Pliocene 0.511972 T 9 313.0
O¡shore Indochina
NS90-68 8‡22.27PN, 107‡22.97PE Modern-day 0.512102 T 9 310.5
NS90-70 8‡52.02PN, 108‡39.90PE Modern-day 0.512155 T 7 39.4
Sunda Shelf
NS90-54 6‡51.22PN, 107‡09.57PE Modern-day 0.512088 T 8 310.7
NS90-40 6‡08.16PN, 108‡37.67PE Modern-day 0.512111 T 7 310.3
O¡shore Borneo
NS89-61 4‡04.35PN, 109‡03.97PE Modern-day 0.512129 T 8 39.9
NS88-62 4‡33.96PN, 113‡5.84PE Modern-day 0.512189 T 7 38.8
NS88-68 4‡24.22PN, 113‡20.17PE Modern-day 0.512191 T 7 38.7
NS88-44 5‡49.07PN, 114‡39.07PE Modern-day 0.512200 T 8 38.5
Ferromanganese crust
Xian-1 16‡40PN, 116‡50PE Modern-day 0.512410 T 7 34.4
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continental slope (ODP Site 1144), northeastern
and northwestern SCS, the Sunda Shelf and o¡-
shore SE Indochina and northern Borneo (Table
2). The results, together with Nd isotopic data for
river particulates from the Mekong River [36], are
plotted in Fig. 1 and compared with the Nd iso-
topic data for sediments at ODP Site 1148 in
Fig. 4. The sediments north of the SCS have a
restricted range of ONd values (311 to 313), com-
parable with the Nd isotopic compositions of Ce-
nozoic sediments in Taiwan that were derived
from South China [39]. These results indicate
that the sediments derived from the South China
terrane had fairly constant ONd values (311 to
313) during the Cenozoic. These values yield an
average crustal residence age of 1.7^1.9 Gyr for
the northern (South China) provenance, which is
similar to the majority of TDM ages for the crustal
rock in the Cathaysian Interior of South China
[37]. In contrast, sediments from the Mekong Riv-
er and o¡shore Indochina, Sundaland and Borneo
to the south and southwest of the SCS have
clearly higher ONd values of 38.5 to 311, corre-
sponding to an average crustal residence age of
1.5^1.7 Gyr for this southern provenance. Sm^
Nd isotopic data are quite limited in the literature
for this vast area. The metasedimentary rocks and
granites in peninsular Malaysia exhibit TDM ages
that cluster around 1.5^1.8 and 1.1^1.5 Gyr, re-
spectively [40]. The Dienbien granitoid complex in
northern Vietnam (south of the Song Ma suture
zone) yields TDM ages of 1.4^1.5 Gyr [41]. These
limited Nd isotopic data indicate that the most
important crustal formation of Indochina^Sunda-
land probably took place in the Mesoproterozoic,
a few hundreds of million years later than in
South China. Although Sm^Nd isotopic data
are not available for Borneo, geochemical data
indicate that the Tertiary magmatic belt in north-
ern Borneo is composed of calc-alkaline volcanic
rocks related to subduction of the proto-SCS [42].
These subduction-related basaltic to felsic vol-
canic rocks should have higher ONd values than
the surrounding crustal basement due to the in-
volvement of various amounts of mantle material
in their formation. Among the analyzed sediments
surrounding the SCS, those from o¡shore Borneo
have the highest ONd values (38.5 to 38.8), indi-

cating a possible contribution from these volcanic
rocks.

Pre-27 Ma and post-23 Ma sediments at ODP
Site 1148 exhibit ONd values comparable, respec-
tively, with those of the northern (South China)
and southern (Indochina^Sundaland^Borneo)
sources (Fig. 4). Thus, a rapid change of sediment
provenance predominantly from a southern drain-
age to a northern drainage might have occurred
during the 26^23 Ma interval.

Clift et al. [19] proposed that the relatively high
ONd values in sediments below 480 mcd could be
explained by signi¢cant addition of volcanic ma-
terial into the sediments following rifting and sea-
£oor spreading in the SCS. We do not believe that
the sediment geochemistry, e.g. the Th/Cr ratios
(Fig. 3), supports this interpretation. All of the
sediments at ODP Site 1148 except those between
477 and 455 mcd have low Th/Cr ratios of 0.1^
0.2, characteristic of material derived from conti-
nental crustal material [43]. However, the sedi-
ments in the interval 477^455 mcd have signi¢-
cantly higher Th/Cr ratios (up to 0.8), typical of
intermediate to silicic igneous debris. This enrich-
ment in Th is associated with increases in Ti, Nb,
Zr, Sr, and REE and decreases in Rb and Ga.
Thus, the composition of the sediments in the
477^455 mcd interval most likely re£ects a major
contribution of intermediate to silicic igneous ma-
terial (with enriched accessory mineral fractions?)

Fig. 4. Comparison of the Nd values of sediments at ODP
Site 1148 with possible sources surrounding the SCS. Data
from the particulates of Mekong River are after Goldstein et
al. [36].
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to the sediment provenance at ca. 26^23 Ma,
whereas the remainder of the sediments was prob-
ably derived from a continental source.

7. Tectonic implications

Considering the present-day geographical loca-
tion of ODP Site 1148 east of Hainan Island, the
Pearl River is most likely the principal source of
clastic material currently being deposited on the
outer continental slope. The rapidly uplifting,
young mountains of Taiwan may also contribute
some material [44], whereas the Red River is
mostly shielded from the site by Hainan Island.
Our Nd isotopic data suggest that South China
has been the main source of sediments since 23
Ma, but that a di¡erent provenance existed before
26 Ma.

The geological evolution of the Pearl River
Mouth basin can be divided into two stages sep-
arated by a breakup unconformity near the Early/

Late Oligocene boundary: (1) basement rifting,
forming a series of alternating rises and depres-
sions ¢lled by tilted and disturbed non-marine
clastic rocks of Upper Cretaceous to Early Oligo-
cene age, and (2) subsidence and ¢lling of the
entire basin with predominantly marine sediments
since the Late Oligocene [45,46]. The detritus car-
ried by the Pearl River (or its precursor) was
mostly trapped within these depressions, and sep-
arated from the outer shelf by a series of rises
before the Late Oligocene. Thus, the majority of
the detritus from South China was probably not
transported as far as ODP Site 1148 until the
depressions were ¢lled in and coalesced to form
a single basin during nannofossil Zone NP24 [46].

Transportation of clastic sediments from Bor-
neo to ODP Site 1148 seems unlikely because the
two areas have been separated by the SCS since
30 Ma and by the proto-SCS prior to 30 Ma.
Transportation of clastic sediments from south-
western sources (Indochina, Sundaland and pos-
sibly part of northwestern Borneo) to ODP Site

Fig. 5. Distribution of land and sea in SE Asia at 30 Ma (left) and 25 Ma (right), modi¢ed after Hall [16]. The vast areas of
Sundaland and the Sunda Shelf were exposed during the middle Oligocene and transportation of sediments from the vast, emer-
gent land to ODP Site 1148 was possible. The area of the emergent Sundaland and Sunda Shelf decreased along with the global
sea level rise at the end of the Oligocene. At the same time, the oceanic spreading of SCS propagated southwestwards, resulting
in an enlarged, V-shaped area of oceanic crust.
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1148 would also have been di⁄cult because of
separation by the southwestern SCS since it
opened between Chron 7 and C6b ca. 25^23 Ma
[10,30] (Fig. 5). However, such transportation
could possibly have occurred prior to 26 Ma.

According to Haq et al. [47], the middle Oligo-
cene between 33 and 28.5 Ma was a time of much
lower sea level. Thus, vast areas of Sundaland and
the Sunda Shelf were exposed (Fig. 5), and trans-
portation of sediments from this emergent land-
mass to ODP Site 1148 was clearly possible before
and shortly after opening of the SCS. Appearance
of abundant opal-CT formed from radiolarians,
diatoms, and sponge spicules between 630 and
486 mcd suggests a high productivity of biogenic
silica shortly after the opening of the SCS at 30^
28 Ma [20]. A high productivity of biogenic silica
suggests that ODP Site 1148 was, at that time, a
near-shore environment where nutrient supply
was high. This is in contrast to the large ocean
basin of the present-day SCS, far away from the
continent, where biogenic productivity is very low
[48].

Based on the geochemical and isotopic charac-
ter of the sediments at ODP Site 1148, a major
change in provenance occurred at 26^23 Ma. A
major plate reorganization took place in SE Asia
at ca. 25 Ma [16,17], probably caused by a series
of tectonic collisions, e.g., the collision of New
Guinea with the East Philippines^Halmahera^
South Caroline Arc system, the collision of the
Ontong Java Plateau with the Melanesian Arc,
and the collision of the Australian continent
with SE Asia. Major changes in the SCS and sur-
rounding continents correlate closely with this
major plate reorganization. For example, the
southern segment of the Ailao Shan^Red River
(ASRR) shear zone was uplifted and cooled rap-
idly in the Early Miocene (25^22 Ma) [49^51] and
leucogranites were emplaced in and near the
ASRR shear zone between 27 and 22 Ma [52^
54]. Movement on the ASRR shear zone changed
from transpressional to transtensional at 28^24
Ma [55] and the Wang Chao and Three Pagodas
fault systems developed dextral movement at ca.
23 Ma [56]. All these changes are believed to be
related to intensi¢ed extrusion of Indochina along
the ASRR fault in Oligo^Miocene time.

In the SCS, the spreading ridge jumped from
the north to the southwest at Chron 7 to C6b at
25^23 Ma [10,30]. Propagation of spreading
southwestwards resulted in an enlarged, V-shaped
area of oceanic crust (Fig. 5). Meanwhile, the
ocean area expanded rapidly as the global sea
level rose at 28.5^24 Ma [47], and the emergent
portions of Sundaland and the Sunda Shelf de-
creased signi¢cantly during this period (Fig. 5).
This would have greatly reduced the transport
of sediment from a southwestern source.

8. Conclusions

Geochemical and Nd isotopic analysis for sedi-
ments at ODP Site 1148 reveals two signi¢cant
changes of major and trace elements at ca. 29.5
Ma and 26^23 Ma and a single change of ONd

values at 26^23 Ma. Increases in Al/Ti, Al/K,
Rb/Sr, and La/Lu ratios and a decrease in the
Th/La ratio of the sediments beginning at 29.5
Ma suggest an increase in the intensity of chem-
ical weathering in the source region. The abrupt
change in Nd isotopes at ca. 26^23 Ma, along
with a major discontinuity in the geochemistry,
sedimentology, and physical properties of the
sediments, implies a drastic change in sedimentary
provenance and environment at the drill site. Nd
isotopic analyses of sediments from major rivers
£owing into the SCS indicate two major prove-
nances, i.e. a northern provenance of South China
and a southwestern to southern provenance of
Indochina^Sunda Shelf and Borneo. Pre-27 Ma
sediments were dominantly derived from the
southwestern provenance, whereas post-23 Ma
sediments were derived from the northern prove-
nance. This provenance change of the sediments
at ca. 26^23 Ma appears to have been largely
caused by a ridge jump from the north to the
southwest, associated with a southwestward ex-
pansion of the ocean basin and a rise in sea level.
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