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Abstract  In the spring of 1999 the Ocean Drilling Pro-
gram (ODP) Leg 184 Shipboard Party cored 17 holes at 6 
deep water sites in the northern and southern parts of the 
South China Sea (SCS). Chinese scientists actively partici-
pated in the entire process of this first deep-sea drilling leg 
off China, from proposal to post-cruise studies. More than 30 
categories of analyses have been conducted post-cruise in 
various Chinese laboratories on a large number of core sam-
ples, and the total number of analyses exceeded 60 thousand. 
The major scientific achievements of the Leg 184 studies are 
briefly reported in three successive papers, with the first one 
presented here dealing with deep-sea stratigraphy and evolu-
tion of climate cycles. This ODP leg  has established the best 
deep-sea stratigraphic sequences in the Western Pacific: the 
23-Ma isotope sequence from the Dong-Sha area is unique 
worldwide because of its continuity; the last 5-Ma sequence 
from the Nansha area represents one of the best 4 ODP sites 
worldwide with the highest time-resolution for that time in-
terval, and the sequences of physical properties enable a de-
cadal-scale time resolution. All these together have provided 
for the first time high-quality marine records for paleoenvi-
ronmental studies in the Asian-Pacific region. This new set of 
stratigraphic records has revealed changes in climate cyclic-
ity over the last 20 Ma with the fluctuating power of the 100 
ka, 400 ka, 2000 ka eccentricity cycles, indicating the evolv-
ing response of the climate system to orbital forcing along 
with the growth of the Antarctic and Northern Hemisphere 
ice sheets.  
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In the spring of 1999, the international drilling vessel 
“JOIDES Revolution” entered the South China Sea and 
completed the Ocean Drilling Program (ODP) Leg 184 
with great successes. This was the first deep-sea scientific 
drilling leg to the seas off China. The operation lasted 
from February to April and collected a large amount of 
high-quality sediment cores and data. The drilling and the 
subsequent over three-year post-cruise studies have pro-
moted the SCS into the international frontier of the 
deep-sea studies. The contribution of Leg 184 to paleo-

ceanographic and paleoclimatic research in China is both 
momentous and enduring. 

The Deep Sea Drilling Program (DSDP, 1968—1983) 
and ODP (1985—2003) have been the greatest interna-
tional cooperation in earth sciences in the 20th century, 
with nearly 3000 holes drilled and 300 km of cores recov-
ered from the global ocean. The DSDP/ODP have vali-
dated the theory of plate tectonics, created the new disci-
pline of paleoceanography, discovered numerous under-
water facts including deep-sea biosphere and gas hydrate, 
and provided an impetus to newer and newer break-
throughs in Earth sciences. The ODP Leg 184 to the SCS 
was entitled “East Asian monsoon history as recorded in 
the South China Sea and its global climate impact”, and 
aimed to recover continuous deep-sea records, to recon-
struct the evolution of the climate system, namely the East 
Asian monsoon system, and to identify its driving forces. 
The Leg cored 17 holes at 6 deep water sites in the north-
ern and southern parts of the SCS, ranging from ca. 2000 
m to 3300 m water depths, with a maximal penetration of 
850 m below the sea floor. A total of 55 km of 
high-quality cores was collected with nearly 95% recovery, 
over-fulfilling the original target (Figs. 1 and 2; Table 1[1]). 
The hemipelagic sediment sequences recovered by the 
Leg using advanced techniques provide, for the first time, 
continuous high-quality marine records  over the last 30 
Ma for paleoenvironmental studies in the Asian-Pacific 
region and for better understanding of the SCS basin for-
mation and its mineral resources. 

Because of the historical reason, China was unable to 
participate in international deep-sea scientific drilling ac- 
tivities until 1998, when China joined the ODP as its first 
“Associate Member”. Noticeable is the drilling leg off 
China successfully implemented only one year after 
China’s participation in ODP, which is an extremely rare 
case in the DSDP/ODP history. The ODP Leg 184 was 
proposed and designed by Chinese scientists, with a Chi-
nese Co-Chief Scientist and several other Chinese marine 
geologists on board. After the cruise, eight laboratories 
from 5 cities joined the project supported by the National 
Natural Science of China to analyze the core samples from 
the leg. In result, more then 30 categories of analyses were 
conducted on a large number of core samples in these 
Chinese laboratories, with the total number of analyses 
exceeding 60 thousand, including tens of thousands of 
isotopic and micropalentological analyses (Table 2). 

In general, the ODP Leg 184 to the SCS recovered 
deep-sea sediment sequences that recorded the past 32 Ma 
environmental history of the SCS, established the best 
deep-sea stratigraphic sequences for the Western Pacific, 
and for the first time explored the evolution of climate 
cyclicity over the last 20 Ma in the region. The Leg also 
discovered long-term periodicities in oceanic carbon cy-
cling, and demonstrated the role of tropical forcing in the 
evolution of climate cycles. These results helped promote  
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Fig. 1.  Location map of ODP Leg 184 sites in the South China Sea[1]. 

 
Table 1  Summary of Leg 184 sites cored in the South China Sea 

Area Site Latitude/longitude Water depth/m Penetration/m Holes Age at base/Ma Core length/m 

Nansha 1143 9°22′N/113°17′E 2272 500 3 ~11 1100 

1144 20°03′N/117°25′E 2037 450 3 ~1 1110 

1145 19°35′N/117°38′E 3175 200 3 ~3 555 

1146 19°27′N/116°16′E 2092 600 3 ~19 1450 

1147 18°50′N/116°33′E 3246 80 3 ~1.4 240 

Dongsha 

1148 18°50′N/116°34′E 3294 850 2 ~32 1000 
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Fig. 2.  Summary of coring penetration and lithological units at Leg 184 drilling sites, South China Sea[1]. 

 
Table 2  Analyses of ODP 184 samples performed  

in laboratories in China 

Analytic category Number of samples 

Oxygen and carbon isotopes 15036 

Micropaleontology 23026 

Pollen and spores 2320 

Geochemistry 9225 

Mineralogy, granulometry, 
coarse fraction 

7562 

Others 9305 

Total 66474 

 
a concept of climate changes likely controlled by a com-
bination of low- and high-latitude forcing, of hydrological 

and carbon cycling, and superimposed by long and short 
astronomical cyclicities. A multi-proxy approach applied 
to the deep-sea records for reconstructing the East Asian 
monsoon history has revealed its step-wise evolution very 
similar to the Indian monsoon, with the major difference 
being the strength of winter monsoon in East Asia. The 
spectrum of the monsoon variations in the southern part of 
the SCS consistently displayed a remarkable low-latitu- 
dinal feature. 

Another major achievement was sedimentary evi-
dence for the basin evolution of the SCS. The discovery of 
deep-sea Oligocene deposits implied the existence of a 
deep-sea environment already at the beginning of the 
sea-floor spreading of the SCS basin over 32 Ma ago in 
the very early period of the early Oligocene, followed by 
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the most intensive tectonic deformation in the late Oligo-
cene. The conspicuous North-South contrast in the modern 
SCS environmental settings first appeared about 3 Ma ago. 
The drilling of Leg 184 and post-cruise investigations has 
greatly strengthened land-sea linkage in Earth sciences 
studies and promoted the deep-sea researches in China 
into the international frontiers. 

The present paper is the first of three brief summary 
reports of the Chinese studies on ODP Leg 184, dealing 
mainly with the deep-sea stratigraphy and evolution of 
climate cycles. The results of long-term oceanic carbon 
cycles, and the evolution of the monsoon system and the 
SCS basin will be discussed in the second and third re-
ports, respectively. Since all the three papers are mainly 
based on papers in press or in review, the reader is referred 
to those papers for more precise and detailed information.  

1  30 Ma deep-sea record  

The late Cenozoic is the best studied section of the 
Earth history in terms of the global climate changes, but 
China’s contribution is hindered by its lack of marine de-
posits of that time interval on its mainland. The basic con-
tribution of Leg 184 is the recovery of continuous deep- 
sea deposits for the last 32 Ma and a complete late Ceno-
zoic stratigraphic sequence which made high-resolution 
paleoenvironmental reconstruction possible for the region.  

Complete sediment records for various time intervals with 
different resolution are available from Leg 184 sites (Figs. 
2 and 3); and the new techniques used by ODP[1] facili-
tated a high quality of the cores recovered. 

The longest sediment section of Leg 184 was cored 
at Site 1148 on the lowermost northern slope (water depth 
about 3300 m) near the Dongsha Island, with the 850 m 
section representing a 32 Ma record.  A total of 1580 
samples from its upper 457 m were analyzed for fo-
raminifers and stable isotopes, and the combined results of 
bio- and magneto-stratigraphies helped establish a con-
tinuous 23.7 Ma sequence for the entire Neogene with an 
average sampling interval of 16 ka (Fig. 3(a); for prelimi-
nary reports see[2,3]). This is the most continuous and 
high-resolution Neogene deep-sea sequence from the 
Western Pacific, and also the only late Cenozoic isotopic 
sequence in the global ocean from a single site. At Site 
1143 (water depth 2772 m) from the Nansha area, the only 
site from the southern SCS, foraminifers and isotopes 
were analyzed in 1800 samples from the upper 200-m 
section, resulting in a 5-Ma sequence with an average 
sampling interval of 2—3 ka. After astronomical tuning, 
the Site 1143 sequence provides a first high-resolution, 
5-Ma long record for the Western Pacific and one of the 
best such records from the global ocean (Fig. 3(b)[4]; for 
preliminary results see [5]). Site 1144 is located on a  

 
Fig. 3.  High-resolution stratigraphic sequences established by the ODP Leg 184 studies. (a) 23 Ma record of benthic δ 18O at Site 1148 with average 
sampling interval of 16 ka (provided by Zhao and others); (b) 5 Ma record of benthic δ 18O at Site 1143 with average sampling interval of 2.6—2.8 ka[4]; 
(c) 1 Ma record of planktonic δ 18O at Site 1144 with average sampling interval of 900 years (Buehring et al.1)); (d) 0.1 Ma record of colour reflectance 
at Site 1144 with average sampling interval of about 60 years[1]. All isotopic analyses were performed in the Key Laboratory of Marine Geology, Tongji 
University, except for Site 1144.  

                         
1) Buehring, C. et al., Toward a high-resolution stable isotope stratigraphy of the last 1.1 million years: Site 1144, South China Sea, ODP 

Scientific Results, 184, in press. 
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sediment draft on the middle continental slope southeast 
of the Dongsha Island[6], with the >500 m sediment se-
quence recovered representing the past 1 Ma. Oxygen and 
carbon isotope analyses at site 1144 were preformed at the 
Kiel University, Germany, providing an average high- 
resolution of nearly 900 years (Fig. 3(c); Buehring et al.1)). 
Recent studies by W. Huang et al. indicate that the colour 
reflectance record can be used as a proxy of CaCO3% at 
Site 1144, and the colour reflectance curve measuring 2 
cm apart represents a carbonate record with decadal reso-
lution (Fig. 3(d)). In sum, Leg 184 has provided 
high-resolution deep-sea records of late Cenozoic envi-
ronmental changes at various time scales, ranging from 
104 years (Site 1148), 103 years (Site 1143), to 102 and 101 
years (Site 1144). 

Although only oxygen-isotopic and colour reflec-
tance records are shown in Fig. 3, the stratigraphy at all 
Leg 184 sites is based first of all on biostratigraphic (fo-
raminifers, calcareous nannofossils, radiolarians, diatoms, 
dinoflagellates, pollen and spores) and magnetostrati-
graphic data. Aside from the preliminary ship-board re-
sults[1], a series of micropaleontological analyses have 
been done in Chinese laboratories (of those only a small 
part has been published such as [7]). Over 80 nannofossil 
and foraminiferal datums were identified (Table 3) for the 
last 5 Ma at Site 1143 and for earlier time periods at Site 
1148. A combination of biostratigraphy and isotopic 
stratigraphy has strengthened more accurate correlation of 
the late Cenozoic sequence in the SCS. 

In order to evaluate the significance of the newly 
established deep-sea sequences in the SCS, stratigraphic 
and isotopic sequences from other oceans were compared. 
A literature search has found only three other sites with 
isotopic records longer than 5 Ma with time resolution on 
the thousand year scale: ODP Sites 846 and 849 from the 
Eastern Pacific, and ODP Site 659 from the North Atlantic 
(Table 4, Fig. 4). Therefore, Site 1143 is the first in the 
Western Pacific, and the only site in the global ocean pro-
viding such long and continuous benthic and planktonic 
records. Among sites with isotope sequences of 20 Ma or 
longer, three have a time resolution of 104 years: DSDP 
Sites 588 and 590 from the Southwest Pacific and ODP 
Site 709 from the Indian Ocean, and four have a time 
resolution of 105 years: DSDP 289 from the Northwest 
Pacific, DSDP 563 and 608 from the Atlantic, and ODP 
747 from the Southern Ocean (Table 4; Fig. 4). At all the 
above-mentioned sites, however, the record is neither con-
tinuous nor complete because sections from the past 2 to 8 
Ma are missing. Therefore, the Site 1148 record is unique 
worldwide in providing a continuous record for the entire 
Neogene, from the earliest Miocene to Holocene. 

Zachos et al. compiled data from more than 40 
DSDP and ODP sites and established global deep-sea  

oxygen and carbon isotope records[19], but the smoothed 
curve based on average values can reflect only the general 
trend. By contrast, our long record is based on one single 
site (Site 1148), and thus is more advantageous to provide 
a precise time sequence for studies of environmental 
events and changes in climate cyclicity. 

2  Paleoenvironmental events  

The global climate gradually cooled since the forma-
tion of major Antarctic continental ice-sheets at ~36 Ma. 
Following a series of significant rebounds in the Miocene 
and early Pliocene, the global climate finally entered the 
icehouse regime with both poles ice-caped in the late 
Pliocene and Pleistocene[19]. The process of climate evolu-
tion over the past 24 Ma can be red from the oxygen and 
carbon isotopes at Site 1148 (Fig. 5; for preliminary re-
ports see [2, 3]). The oxygen isotope recorded the expan-
sion of the Antarctic ice-sheets in the Miocene, the forma-
tion of the Arctic ice-sheets in the late Pliocene, and a 
number of cooling events; the carbon isotope recorded the 
global carbon excursions in the Miocene, as well as some 
regional events in the late Miocene and Pliocene. 

(�) Cooling events since the Miocene.  Just as in 
other sea areas, the benthic foraminiferal oxygen isotope 
at Site 1148 has recorded a series of global cooling events 
in the late Cenozoic (Fig. 5(a)), and the most prominent 
were the 18O-rich events in the early middle Miocene 
(14.2—13.6 Ma) and in the late Pliocene (3.5—2.5 Ma) 
when the δ 18O value increased by 0.94‰ and 0.99‰, 
respectively. The former event indicates the most pro-
nounced expansion of ice-cap on Antarctic leading to its 
permanent existence, the significant cooling of the bottom 
water and the establishment of the modern pattern of bot-
tom water circulation[17,18,20]; the latter is related to the 
formation of the Arctic ice-sheets in the late Pliocene and 
the transition of the Earth system from “one-polar ice- 
caped” to “two-polar ice-caped”, entering into the glacial 
climate regime[19]. Besides, there is a series of cooling 
events in the Miocene record, as seen from the heavy val-
ues of δ 18O at 23.2, 21.7, 20.0, 17.8, 16.0, 14.2, 13.6, 11.2, 
and 9.6 Ma, corresponding to Mi1.1, Mi1a, Mi1aa, Mi1b, 
Mi2, Mi3a, Mi3b, Mi4, Mi5 and Mi6 events[17,21,22]. One 
more δ 18O increase to a similar large amplitude happened 
at 0.9 Ma after the late-Pliocene formation of the Arctic 
ice-sheets, reflecting the further growth of the boreal ice- 
cap[23,24]. 

(�) Early Pliocene warming event.  The planktonic 
foraminiferal δ 18O at Site 1148 becomes remarkably light 
in the Pliocene between 5.2 and 3.2 Ma (Fig. 5(a)). Espe-
cially during the 5.2—4.2 Ma interval, the negative δ 18O 
spikes are 0.3‰—0.8‰ lighter than the modern value, 
implying the warmest time period since the later part of 
the middle Miocene after 14 Ma, and the sea surface tem-  

                         
 1) See footnote 1) on page 2527. 
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Table 3  Late Cenozoic planktonic foraminiferal and nannofossil datums, based on Site 1143 for the last 5 Ma,  
and Site 1148 for earlier sectionsa) 

Site Foraminiferal datums Depth /mcd Age/Ma Nannofossil datumsb) Depth/mcd Age/Ma 

LO pink G. ruber 8.07 0.124 FO E. huxleyi Acme 8.04 0.09 

FO pink G. ruber 25.03 0.407 FO E. huxleyi 14.91 0.26 

LO G. fistulosus 83.40 1.729 LO P. lacunosa 26.265 0.46 

FO G. truncatulinoides 96.09 2.031 LO small Gephrocapsa Acme 52.32 1.02 

LO G. multicamerata 134.71 3.038 LO C macintyrei 73.845 1.67 

LO D. altispira 134.81 3.041 FO median Gephyrocapsa spp. 93.895 1.73 

LO S. seminulina 138.01 3.138 LO D. brouweri 93.895 1.95 

FO S. dehiscens 158.35 3.800 LO D. pentaradiatus 110.49 2.45 

FO G. tosaensis 144.39 3.348 LO D. surculus 120.45 2.52 

LO G. plesiotumida 161.05 3.823 LO Sphenolithus abies/neoabies 152.72 3.66 

LO G. margaritae 161.58 3.833 LO R. pseudoumbilicus 160.58 3.75 

Pulleniatina (S toD change) 166.55 4.051 LO A. triconiculatus 186.58 4.00 

LCO G. margaritae 166.45 4.047 FCO D. asymmetricus 195.42 4.20 

LO G. nepenthes 176.32 4.586 LO C. acutus 195.68 5.05 

1143 

LO S. kochi 185.78 4.887    

FO S. dehiscens 188.16 5.54 FO C. rugosus 187.37 5.23 

FO G tumida 196.08 5.82 LO T. rugosus 190.37 5.34 

FO G. conglobatus 206.79 6.20 FO C. acutus 190.37 5.37 

FO G. extremus 244.26 8.30 LO D. quinqueramus 193.31 5.54 

LO G. dehiscens 257.16 9.80 LO A. amplificus 198.57 5.99 

FO N. acostaensis 259.70 9.82 FO A. amplificus 211.27 6.76 

LO G. mayeri 275.22 10.49 FO A. primus 219.37 7.24 

FO G. nepenthes 283.78 11.19 FO D. berggrenii 242.61 8.20 

LO G. fohsi 301.02 13.00 FO D. quinqueramus 242.61 8.28 

FO G. fohsi 303.28 13.42 FO D. pentaradiatus 253.37 8.55 

FO G. praefohsi 308.68 14.00 LO D. hamatus 256.37 9.40 

LO P. glomerosa 312.38 14.80 LO C. calyculus 261.81 9.64 

FO G. praemenardii 317.98 14.90 LO C. coalithus 267.47 9.69 

LO G. insueta 320.97 15.00 FO D. hamatus 275.57 10.38 

FO Orbulina 320.37 15.10 FO C. calycutus 279.21 10.70 

FO P. glomerosa 344.18 16.10 FO C. coalithus 281.01 10.79 

FO P. curva 352.98 16.30 LO D. kugleri 286.67 11.80 

FO P. sicana 355.39 16.40 FO D. kugleri 293.27 12.20 

LO C. dissimilis 364.88 17.30 FO T. rugosus 302.87 13.20 

FO G. praescitula 379.53 18.50 LO C. floridanus 302.87 13.20 

FO G. insueta 367.37 18.00 LO S. heteromorphus 308.81 13.57 

LO G. binaiensis 377.18 19.10 LO H. ampliaperta 331.87 15.60 

FO G. altiapertura 406.38 20.50 FO S. heteromorphus 370.17 18.20 

LO P. kugleri 408.83 21.50 LO S. belemnos 371.57 18.30 

FO G. dehiscens 454.17 23.20 FO S. belemnos 390.97 19.20 

FO P. kugleri 460.12 23.80 FO D. druggii 454.41 23.20 

FO P. pseudokugleri 475.77 25.90 LO S. capricorrnutus 458.57 23.70 

LO P. opima 478.52 27.10 LO S. delphix 458.57 23.80 

LO C. cubensis 487.77 28.50 LO R. bisectus 461.57 23.90 

FO G. angulisuturalis 601.66 29.40 LO Z. bijugatus 468.92 24.50 

LO T. ampliapertura 634.46 30.30 LO S. ciperoensis 473.61 25.50 

FO P. opima 663.32 30.60 LO S. distentus 485.34 27.50 

   FO S. ciperoensis 620.99 29.90 

   FO S. distentus 673.41 31.50 

1148 

   LO R. umbilicus/R. hillae 730.33 32.30 
a) LO, Last occurrence; FO, first occurrence; LCO, last common occurrence; FCO, first common occurrence; Acme, acme zone; b) 

nannofossil datums at Site 1143 according to [1]. 
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Table 4  Comparison of high-resolution long-term oxygen isotope sections in various oceansa) 
Ocean Site Latitude & longitude Water depth /m Age/Ma Isotope Average resolution/ka Reference 

Last 5 Ma 
benthic 2.8 West 

Pacific 
1143 9°22′N 

113°17′E 
2772 0—5 

planktonic 2.6 
[4] 

846 
3°06′S 
90°49′W 

3296 0—6 benthic 2.5 [8] East 
Pacific 

849 
0°11′N 
110°31′W 

3851 0—5 planktonic ~4 [9] 

North 
Atlantic 

659 
18°05′N 
21°02′W 

3070 0—5 benthic ~4 [10] 

Last 20 Ma 
benthic 16 1148 18°50.17′N 

116°.94′E 
3294 0—24 

planktonic 21 
new 

289 
0°30′S 
158°31′E 

2206 5—21 benthic 53 [11�13] 

588 
26°07’S 
161°14′E 

1533 4—24 benthic 37 [14, 15] 

benthic 85 

West 
Pacific 

590 
31°10′S 
163°22′E 

1299 2—20 
planktonic 72 

[14] 

Indian 709 
3°55′S 
60°33′E 

3041 5—25 benthic 90 [16] 

Atlantic 563 
33°39′N 
43°46′W 

3786 8—26 benthic 108 

Southern 747 
54°49′S 
76°48′E 

1695 8—25 benthic 97 
[17, 18] 

a) Included only sequences of 5 Ma or longer with 103 years resolution, and sequences of 20 Ma or longer with 104 years resolution (no 
more than 110 ka).  
 

 
Fig. 4.  Distribution of high-resolution long-range isotopic sequences in 
the global ocean (see Table 4). 
 

perature (SST) warming was calculated as about 1—3� 
higher than the modern value. There was, by contrast, no 
pronounced change in the benthic δ 18O record, probably 
indicating that major ice-melting on Antarctic associated 
with the early Pliocene warm was weak or absent[25]. 

(�) Positive Carbon Excursion in Miocene.  The 
earliest Neogene δ 13C positive excursion is known as the 
carbon isotope maxima at the Oligocene/Miocene bound-
ary (the CM-O/M event) lasting from the end of the Oli-
gocene to ~22.6 Ma[22,26,27] , followed by a declining stage 
of δ 13C. Despite of the incomplete stratigraphic record of 
the latest Oligocene at 1148, the δ 13C decrease until 22.3 
Ma is well recognizable. The Monterey carbon excur-
sion[28] between the early and middle Miocene is out-
standingly exhibited at 1148 and reflects the fractionation 
between the Atlantic and Pacific oceans and the accumu-
lation of diatom-rich deposits in the Pacific rim. As seen 
from Fig. 5(b), the benthic δ 13C at Site 1148 increased 

since 17.8 Ma, reached the maximum at 16.0 Ma, then 
gradually decreased until 13.2 Ma. Noticeable is the rela-
tionship between the carbon cycling and ice sheets: both 
the positive excursion events are followed by ice-sheet 
expansion as expressed by the δ 18O increases, namely the 
Mi1a and Mi3a,b events[3]. 

(�) Negative Carbon Excursions in Late Miocene.  
The δ 13C negative excursion between 10.2—9.6 Ma was 
recorded in the benthic curve, 1.2‰ lighter than the Mio-
cene average, but not in the planktonic record. As the δ 13C 
excursion led the δ 18O maximum event of Mi6 by some 
100 ka and was reported also from DSDP Sites 289 and 
588 in the Pacific, it is suggested to be related to a sig-
nificant narrowing or temporary closure of the Central 
American passageway at 10—9.5 Ma and the develop-
ment of the Antarctic Bottom Water[29], demonstrating that 
the changes in carbon reservoir led those in ice-sheets in 
the Earth system. The Messinian carbon shift[26,28] at the 
end of Miocene, or the Chron 6 carbon shift[28], is a widely 
reported global event with the well-known Mediterranean 
desiccation event as its follow-up. This is recorded at Site 
1148 as a large amplitude decrease in benthic and plank-
tonic δ 13C between 6.9 and 6.2 Ma (Fig. 5(b)). 

(�) Negative carbon excursions in latest Pliocene 
and Pleistocene.  There are also regional or local events 
in the SCS record. Thus, the planktonic δ 13C at Site 1148 
sharply decreased at the Plio-Pleistocene turn (2.3—1.6 
Ma), with minimal values by 1.1‰ lighter than the mod-
ern, but no significant change in the benthic δ 13C record. 
This must be a regional carbon shift caused likely by the  
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Fig. 5.  Major environmental events recorded in isotopic sequences at Site 1148 since the Miocene (such as Mi1.1, see the text for details). (a) Benthic 
oxygen isotope; (b) benthic carbon isotope. All curves are 5-point smoothed. 

 
enhanced surface productivity as a result of the intensified 
Asian winter monsoon[23,24]. Later, a drastic negative ex-
cursion of benthic δ 13C occurred at Site 1148 in the mid-
dle Pleistocene, between 1.0 and 0.4 Ma (Fig. 5(b)), sup-
posedly recording some changes of bottom water in the 
SCS due to the rise of the Bashi Strait, the sill separating 
the SCS from the Pacific.  

3  Climate cyclicity and its evolution 

The Earth history is nothing but a combination of 
events and cycles, and the most typical cycles are those in 
the Quaternary glaciation which have been deciphered by 
the Milankovitch theory of orbital forcing. The ODP Leg 
to the SCS for the first time provided us with a wealth of 
deep-sea data for studies on orbital cycles at various 
timescales.  

Because the glaciation during the last tens of thou-
sand years displays prevailingly a 100 ka periodicity, the 
transition from the predominantly 40 ka oscillations to the 
100 ka cycles has attracted particular attention in the sci-

entific circles. This “turnover” in climate changes at about 
0.9 Ma was described as the “Mid-Pleistocene Revolu-
tion”[30], though this “revolution” was transitional in na-
ture as recorded in the SCS at Site 1143[31], and similar 
transitions are observed throughout the late Cenozoic. In 
fact, the waxing and waning of various orbital cycles have 
been recorded in the δ 18O sequence at Site 1143 over the 
past 5 Ma: The 40 ka cycle in benthic δ 18O has been 
prominent since the beginning of the section, but 
strengthened significantly after 2.7 Ma; the 100 ka com-
ponent is best manifested since 0.9 Ma, but its enhance-
ment started already at 1.5 Ma. Even earlier, in the 2.0 to 
3.3 Ma interval, the 100 ka cycle in benthic δ 18O already 
strengthened its amplitude, and this is not unique to Site 
1143, as similar observations can be found in the Eastern 
Pacific and North Atlantic as well (Fig. 6[4]), indicating 
evolutional changes of the global climate system. 

Essentially, the transition to 100-ka cycle was asso-
ciated with postponement of ice melting in the Arctic: ice 
sheets did not melt at the end of 40-ka cycle but continued 
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Fig. 6.  Bandpass filters of the 5-Ma benthic oxygen isotope records of 
three ODP sites at 100-ka band. (a) Site 846, East Pacific; (b) Site 1143, 
West Pacific; (c) Site 659, North Atlantic. 
 
to grow over 100-ka, resulting in the “Mid-Pleistocene 
Revolution”. More accurately, the late Quaternary “100- 
ka” glacial cycles are in fact mostly 80- or 120-ka, or four 
to six precessional cycles long, and real 100-ka cycles are 
rare[31]. An earlier sign of glacial cycle extension is exem-
plified by the unusually long marine isotope stage  (MIS) 
34 at 1150 ka, which was considered as a “premature”, 
near-100 ka cycle or an “unsuccessful attempt” of the cli-
mate transition[32,33]. As shown in Fig. 6, the 100-ka perio-
dicity appeared as early as at 1.4—1.5 Ma[34], and this is 
the argument of the opinion that the time interval 1.4—0.8 
Ma belongs to an “Interim State” of the climate transi-
tion[33]. Of the Earth’s orbital parameters, the eccentricity 
varies at the periods of 100 ka and 400 ka and enters the 
climate system by modulating the amplitude of the pre-
cessional cycle; therefore, the 100-ka cycle can be found 
in the oxygen isotope records over 5 Ma[35], but with a 
varying intensity. For example, the 100-ka periodicity was 
strengthened at around 2.5 Ma on the Ontong-Java Pla-
teau[30], Western Pacific, which is in agreement with the 
SCS record.  

The picture becomes even more clear if our scope is 
broadened to the longer geological past. As seen from the 
results of low–pass filtering of the 24-Ma benthic record 
at Site 1148 (Fig. 7(a)), the long-term eccentricity cycles 
of 100 ka (Fig. 7(b)) and 400 ka (Fig. 7(c)) are observable 
throughout the Neogene, but the amplitudes vary signifi-
cantly. The recent studies show that these two periodicities 
are predominant in the pre-Quaternary deep-sea records[19], 
and they are best displayed at the Oligocene/Miocene turn 
after the sequence between 20.5—25.4 Ma was astro-
nomically tuned[36,37]. The 100-ka and 400-ka cycles are 
also well recorded in the middle  Miocene (14—16 
Ma)[15] and late Miocene (12—10 Ma)[38] deposits. More-
over, these astronomical periodicities have been widely 
adopted in the establishment of international stratotypes 
for the late Miocene and Pliocene[39]. Noteworthy are the 
2-Ma cycles pronouncedly exhibited in the Site 1148 re-
cord (Fig. 7(d)), particularly clear in the sections before 14 
Ma and after 5 Ma. The 2-Ma cycle belongs also to eccen-
tricity and modulates the amplitude of the 100- and 400-ka 
cycles. This long-term eccentricity periodicity was re-

cently reported from the late Miocene δ 18O sequence in 
the Mediterranean[38], but can be hardly detected in other 
sequences because of the limited length of record. The 
advantage of high-resolution long records has enabled the 
ODP Leg 184 studies to discover million-year-long 
cyclicity. From a marginal sea location that provided an 
amplifying effect, these records make the amplitude of 
climate changes much more significant than those from 
the open ocean, as seen in the much larger δ 18O ampli-
tudes in 2-Ma cycle fluctuations (Figs. 5(a), 7(d)). 

In sum, the orbital cycles always exist whenever the 
Earth is rotating, and the climate is always under their 
influence. However, the influence changes with the geo-
graphical location and with the regime of the Earth system. 
The low latitudes are mainly influenced by the 20-ka pre-
cessional cycles, whereas the high latitudes by the 40-ka 
cycles of obliquity, respectively characterizing the tropical 
forcing and glacial forcing of the climate system[40]. The 
climate cycles in the ice-free “Hot-house” Earth are 
mainly driven by the low-latitude precessional forcing 
with 20-ka cyclicity, which in turn is modulated by eccen-
tricity. The precessional forcing enhances when eccentric-
ity is maximal, and weakens when eccentricity is minimal. 
Since the tropical region is not sensitive to the low tem-
perature part of the cycle, the “clipping” effect in eccen-
tricity modulated precessional cycle results in a significant 
response at the modulating frequencies, namely the 100- 
ka and 400-ka cycles[41]. Therefore, the 400-ka eccentric-
ity was the most prominent climate cycle in the “Hot- 
House” Mesozoic[42,43]. In the late Cenozoic, the obliquity 
cycle became progressively predominant in the glacial 
variations with the growth of the Antarctic ice-sheets, and 
the eccentricity cycles retained with varying power in the 
forcing. The 100-ka cycles enhanced for certain time in-
terval when the boreal ice-sheets started to grow at 3.3 Ma, 
but weakened toward 2.0 Ma and reappeared at 1.5 Ma 
(Fig. 6). All these demonstrate the frequency of climate 
cycle transition in the geological history.  

Due to the rarity of high-resolution long-term records 
in the world, and due to the focus of the climate cycle 
studies on the late Quaternary, our understanding of the 
orbital cycles has been strongly biased. The changes of 
orbital cyclicity in climate become much more compre-
hensible when the Cenozoic long sequence is investigated 
in a descending order. It turns out that the Quaternary with 
ice cap on both poles represents an unusual scenario of the 
Earth system. The boundary conditions of the climate sys-
tem were subjected to fundamental reorganization in the 
evolving process from the ice-free “Hot-House” tens of 
million years ago, to the “Ice-House” with one, then two 
poles ice-caped, and the climate system changed its way 
of response to the orbital cycles. Studies on long se-
quences are necessary, if we are to find out the mechanism 
of transition in climate system and to resolve the problems 
in Quaternary glacial cyclicity[44]. The ODP Leg 184 to the  
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Fig. 7.  A 23-Ma benthic isotope record of Site 1148 and its bandpass filters at 100-, 400-, and 2000-ka bands. (a) Benthic δ 18O; (b) 100-ka 
band; (c) 400-ka band; (d) 2000-ka band. 
 
SCS provided us with such an opportunity. In the next 
paper (“Evolution of the South China Sea and Monsoon 
History: Evidence from Deep Sea”) we will show that the 
δ 18O and δ 13C co-varied until the formation of the boreal 
ice cap, but de-coupled afterwards, indicating that the 
Earth system with two poles covered by ice-sheets is 
much more complicated than the ice-free or one pole 
ice-caped Earth. 

4  Concluding remarks 

The first ocean drilling leg to the China Seas, ODP 

Leg 184, was crowned with success, and its great scien-
tific achievements opened up a new phase in paleoenvi-
ronmental studies in China combining the terrestrial and 
marine realms. The first important results from the leg 
include the establishment of deep-sea stratigraphic se-
quences in the SCS, and the exploration of changing cli-
mate cyclicity since the beginning of the Neogene, 
namely: 

(1) Set up of the best deep-sea stratigraphic sections 
in the Western Pacific, including �) a 23 Ma isotope 
sequence near Dongsha without splicing which is unique 
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in the global ocean, �) one of the four 5 Ma sequences 
worldwide with highest time resolution from near Nansha, 
and �) physical property sequences on decadal time 
scale. This offers the first set of high-quality marine re-
cords for paleoenvironmental studies in the Asian-Pacific 
region.  

(2) A number of global events have been detected in 
the SCS records, such as the Antarctic ice-cap expansions 
in the Miocene, and the Arctic ice-cap formation. All these 
are beneficial to international calibration of  environ-
mental events in and beyond China. The regional and local 
events found in the SCS include a deep-sea environment 
already existing in the beginning of seafloor spreading at 
~32 Ma and a major tectonic transformation in the late 
Oligocene (27—23 Ma) which will be discussed in our 
next papers.  

(3) The late Cenozoic continuous oxygen isotope re-
cord from the SCS has been utilized to systematically ex-
plore the evolution of climate cycles driven by orbital 
forcing. Eccentricity cycles of 2000 ka, 400 ka and 100 ka 
vary significantly in amplitude over the Neogene-Qua- 
ternary periods, suggesting that the climate system 
changes its way of response to the orbital cycles with the 
growth of polar ice-sheets. The prevalent understanding of 
the Milankovitch cycles, based primarily on late 
Quaternary records, represents a specific case after the 
Arctic ice- sheet expansion.  
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